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Section A. — Mathematical and Physical Sciences. 


Bakebian Leotube : — Pays of Positive Electrkity. 

By Prof. Sir J. J. Thomson, O.M., F.R.S. 

(Lecturo delivered May 22, — MS. roeeivod Juno 4, 1913.) 

[PI.ATE8 1—3.] 

In 1886, Goldstein observed that when the cathode in a vaounm tube was 
pieroed with holes, the electrical discharge did not stop at the cathode ; 
behind the cathode, beams of light could be seen streaming through the holes 
in the way represented in fig. 1. He ascribed these pencils of light to rays 
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passing through the holes into the gas behind the cathode ; and from their 
association with the channels through the cathode he called these rays 
Kanalstrahlen. The colour of the light behind the cathode depends upon the 
gas in the tube : with air the light is yellowish, with hydrogen rose holour, 
with neon the gorgeous neon red, the effects with this gas being exceedingly 
striking. The rays produce phosphorescence when they strike against the 

YOL. LXXXIX. — A. B 


2 


Sir J. J. Thomson. 


walls of the tube ; they also affect a photographic plate. Goldstein could 
not detect any deflection when a permanent magnet was held near the 
rays. In 1898, however, W. Wien, by the use of very powerful magnetic 
fields, defiected tliese rays and showed that some of them were 
positively charged; by measuring the electric and magnetic deflections he 
proved that the masses of the particles in these rays were comparable with 
the masses of atoms of hydrogen, and thus were more than a thousand 
times the mass of a particle in the cathode ray. The composition of these 
positive rays is much more complex than that of the cathode rays, for 
whereas the particles in the cathode rays are all of the same kind, there 
are in the positive rays many different kinds of particles. We can, 
however, by the following metho«l sort these particles out, determine what 
kind of particles are present, and the velocities with which they are moving. 
Suppose that a pencil of these rays is moving parallel to the axis of x, 
striking a plane at right angles to their path at the point 0; if before 
they reach the plane they arc acted on by an electric force parallel to 
the axis of y, the spot where a particle strikes the plane will be deflected 
parallel to y through a distance y given by the equation 



where e, m, v, are respectively the chaige, mass, and velocity of the particle, 
and A a constant depending \tpon the strength of the electric field and the 
length of path of the particle, but quite independent of e, m, or v. 

If the particle is acted upon by a magnetic force parallel to tlie axis of y, 
it will be deflected parallel to the axis of s,and the deflection in this direction 
of the spot where the particle strikes the plane will be given by the equation 


where B is a quantity depending on the magnetic field and length of path of 
the particle, but independent of e, m, v. If the particle is acted on simul- 
taneously by the electric and magnetic forces, the spot where it strikes the 
plane will, if the undeflected position be taken as origin, have for co-ordinates 


a; as 0, 



t 



( 1 ) 


Thus no two particles will strike the plane in the same place, unleis they 
have the same value of v and also the same value of ejm \ we see, too, that if 
we know the value of y and z, we can, from equation (1), calculate the values 
of V and e/m, and thus find the velocities and character of the particles com- 
posing the positive rays. 
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From equation (1) we see that 



B» 

A’ 


z 



( 2 ) 


Thus all the particles which have a given value of fjm, strike the plane on a 
parabola, which can be photographed by allowing the particles to fall on a 
photographic plate. Each type of particle in the positive rays will produce a 
separate parabola, so that an inspection of the plate shows at a glance how 
many kinds of particles there are in the rays; the measurement of the 
parabolas, and the use of equation (2), enables us to find the values of 
mje corresponding to them, and thus to make a complete analysis of the 
gases in the positive rays. To compare the values of mje corresponding 
to the different parabolas, we need only measure the values of z on these 
parabolas corresponding to a constant value of y. We see from equation (2) 
that the values of efm are pro^iortional to the squares of the values of z. 
Thus, if we know the value of e/m tor one parabola, we can with very 
little labour deduce the values of e/m tor all the others. As the parabola 
corresponding to the hydrogen atom is found on practically all the plates, 
and as this can be at once recognised, since it is always tlie most deflected 
parabola, it is a very easy matter to find the values of m /e for the other 
particles. Photographs made by the positive rays after they have sufferal 
electric and magnetic deflections are reproduced in figs. 2 and 3 (Plate 1). 
The apparatus I have used for photographing the rays is shown in fig. 4. 

A is a large bulb of from 1 to 2 litres capacity in which the discharge 
passes, C the cathode placed in the neck of the bulb. Tire position of 
the front of the cathode in the brtlb and the shape of the bulb where it 
joins the neck D have a very considerable influence on the brightness of the 
rays and the distribution of velocities among the particles. If the cathode 
projects into the bulb, the pressure of the gas in the bulb when the rays are 
the brightest is apt to be inconveniently low, and the same is true when. 
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though tho cathode is kept in the neck, the bulb swells out gradually from 
the neck instead of starting off abruptly. 1 have got the best results by 
making the transition from the neck to the bulb as abrupt as possible and 
putting the front of the cathode flush with the junction of the neck and the 
bulb, in the way shown in flg. 5a ; this gives better results than when the 
cathode is placed as in fig. 5h. 

The form of cathode which I have found to give the best pencil of rays is 
shown in fig. 4. The front of the cathode is an aluminium'cap, carefully worked 
so as to be symmetrical about an axis : this cap fits on to a cylinder made of 
soft iron with a hole bored along the axis ; the' object of making the cathode of 
iron is to screen the rays from magnetic force while they are passing through 
the hole. A case fitting tightly into this hole contains a long narrow tube 
which is the channel through which the rays pass into the tube behind the 
cathode. This tube is the critical part of the apparatus, and failure to obtain 
a good pencil of rays is generally due to some defect here. As the length 
of this tube is very long in proportion to its diameter — the length of most 
of tho tubes I have used is about 6 cm. and the diameter from 01 to 
0*5 mm. — it requires considerable care to get it straight enough to allow an 
uninterrupted passage to the rays. The method we use is to start with a 
piece of fine copper tubing and draw it out until the diameter is reduced to 
the right value, the proper length is out off, and this is rolled between two 
surface plates, until optical examination shows that it lets a pencil of light 
pass without obstruction through the tube ; it is useless to attempt to 
experiment with positive rays unless this tube is exceedingly straight. The 
rays themselves exert a sand blast kind of action on the tube and disintegrate 
the metal ; after prolonged use the metallic dust may accumulate to such an 
extent that the tube gets silted up, and obstructs the passage of the rays. 
The cathode is fixed into the glass vessel by a little wax ; the joint is made 
tight so that the only channel of communication from one side of the cathode 
to the other is through the tube in the cathode. The wax joint is surrounded 
by a water jacket J to prevent the wax being heated by the discharge. The 
arrangements used to produce the electric and magnetic fields to deflect the 
rays are shown at L and M. An ebonite tube is turned so as to liave 
the shape shown in fig. 4, L and M are two pieces of soft iron with 
carefully worked plane faoea, placed so as to be parallel to each other, these 
are connected with a battery of storage cells and furnish the electric field. 
P and Q are the poles of an electromagnet separated from L and M by the 
thin walls of the ebonite box : when the electromagnet is in action there is a 
strong magnetic field between L and M ; the lines of msgnetio force and 
electric force ate by this arrangement parallel to each other and the electric 
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and magnetic fields are as nearly as possible coterminoua This arrangement 
was adopted for a special investigation in which it was desirable that the two' 
fields should not overlap ; for many purposes, for example, the analysis of the 
gases in the tube, this condition is not important, and the simpler arrange- 
ment shown in fig. 6 answers all the requirements. Here the ebonite box is 
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done away with, the electric field is produced between two parallel plates of 
metal, Pj, Pa, and the magnetic field is produced by an electromagnet whose poles 
are on opposite sides of the tube. The arrangement used for photographing 
the rays is that designed by Mr. Aston and described in the ' Phil. Mag.,’ 
1911, vol. 21, p. 227. Plates of soft iron are placed between the electro- 
magnet and the discharge tube to prevent the discharge from being affected 
by the magnetic field. 

The pressure in the tube behind the cathode must be kept very low, this is 
done by means of a tube containing charcoal cooled by liquid air. The pressure 
on the other side of the cathode is much higher. 

A typical photograph taken with tliis apparatus is reproduced in fig. 7. 

It will be noticed that in addition to the parabolic arcs whose origin has 
already been discussed, thera are a series of lines approximately straight. 
These secondary lines are due to particles which have been charged for a part 
only of the time they were in the electric and magnetic fields and are there- 
fore not so much deflected as those which were charged for the whole time 
and which produce the parabolas. Some particles which are charged when 

they enter those fields lose their charges before 

they get through, while others which are un- — a 

charged to begin with gain a charge before they 

leave the fields. We can distinguish between ^ 

these oases in the following way. Make the 

magnetic field M (fig. 8) overlap the electric field E, so that in the 
region EM the partides are exposed to magnetic but not to electric forces. 
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A particle wliich begins by being uncharged and first picks up a charge in 
this region will experience a magnetic without an electric deflection, so that 
the trace made on the photograph by the particles which 
pick up a charge will resemble fig. 9, a. 

Now, consider the trace made by the particles which 
started with a charge but lost it before they got through : 
these, when they are in the r^ion EM, will have already 
experienced a conriderable deflection so that the place 
where they get a magnetic without an electric deflection 

will be at the most deflected end of the line and the 

/ 

shape of the trace they make on the plate will be somewhat like fig. 9, b. 
An example of this effect is shown in the photograph reproduced in fig. 10. 

Unless the pressure in the observation chamber is very low, few of the 
particles remain charged during the whole of the journey through the 
electrostatic and magnetic fields, and in this case the parabolas disappear, 
and only the lines due to the secondaries appear on the plate. 

The parabolas are determined by the values of ejm, thus an atom with 
a single charge would produce the same parabola as a diatomic molecule with 
a double charge. Wo can, however, by the following method distinguish 
between parabolas due to particles with a single charge and those due to 
particles with mote than one charge. 

The parabolas are not complete parabolas, but arcs starting at a finite 
distance from the vertical, this distance is by equation (1) inversely propor- 
tional to the maximum kinetic energy possessed by the particle. This 
maximum kinetic energy is that doe to the charge on the particle falling 
from the potential of the anode to that of the cathode in the discharge 
tube. Consider no^nr the particles which have two charges : these acquire in 
the discharge tube twice as much kinetic energy as the particles with a 
single charge. Some of these doubly charged particles will lose one of their 
charges while passing through the long narrow tube in the cathode, and will 
emerge as particles with a single charge ; they will, however, possess twice as 
much kinetic energy as those whirdi have had one charge all the time. Thus 
the stream of singly charged partioles emerging from the tube will consist of 
two sets, one having twice as much kinetic energy as the other; the partioles 
having twice the kinetic energy will strike the plate nearer to the vertical 
than the others, and will thus prolong beyond the normal length the arc of 
the parabola corresponding to the singly charged particle. An example of 
this is shown in the photograph reproduced in flg. 11, where the line a, due 
to a singly charged oxygen atom for which mj* sr 16, is prolonged until its 
ex^remi^ is only half the normal distance from the vertioaL The line /9 on 
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the {hotograph gives mfe s 8, hence we condade that this line is due to an 
atom of oxygen with two charges, whereas if the oxygen line had not been 
prolonged we should have concluded that was due to a singly charged 
atom with an atomic weight 8. 

If the atom acquired more than two charges the prolongation of the atomic 
line would be still longer. If, for example, it could acquire eight chargee 
it would be prolonged until its extremity was only one-eighth of the normal 
distance from the vortioaL An example of this is shown in fig. 12 (Plate 2), 
where « is the line due to the singly charged mercury atom, this approaches 
to within one-eighth of the normal distanoe, and the theory is verified by the 
appearance on the plate of the lines ..., which correspond to mercury 

atoms with 2, 3, 4, 5, 6, 7 charges. The lines due to the one with 8 charges 
cannot be detected, but the intensity of the lines diminishes as the charge 
increases, and it is perhaps legitimate to conclude that with more sensitive 
apparatus the line corresponding to the atom with eight charges might be 
detected. 

, Using this me^od to distinguish between singly and multiply charged 
systems we find that the particles which produce the parabolas on the 
photographic plates may be divided into the following classes 

1. Positively electrified atoms with one charge. 

2. Positively electrified molecules with one charge. 

3. Positively electrified atoms with multiple charges. 

4. Negatively electrified atoms. 

5. Negatively electrified molecules. 

The production of a charged molecule involves nothing more than the 
detachment of a corpuscle from the molecule, that of a charged atom requires 
the dissociation of the molecule as well as the electrification of the atom. 
As the results are so different we naturally ask, Is the mechanism by winch 
the charged atoms are produced the same as that which produces the charged 
molecules t There seems to me to be strong evidence that the charged 
atoms and molecules are produced by different agents. We not infrequently 
finit tiiat some of the parabolas Itave characteristic peculiarities such as 
abrupt changes in intensity. An example of this is shown in figs. 13 sind 13 a, 
where several of the lines broaden abruptly at points which ore all in the 
same vertical line, showing that the particles where the broadening commences 
have idl the same kinetic energy. This indicates that at certain places in 
the discharge tube there is an abnormally large production of the particles 
corresponding to these parabolas. It will be noticed, however, that it is 
only some of the parabolas which show this efifiMt, there are others which 
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are of approximately the same intenuty throughout. The measurement of 
tlie parabolas shows that the uniform ones correspond to atoms while those 
with the swellings correspond to molecules. Thus we may at certain places 
in the dark space have great changes in the production of charged molecules 
without any change in the production of charged atoms. This proves, 1 
think, that Uie two are produced by different agencies. 

Another argument in favour of this view is the great variation that occurs in 
the relative intensities of the lines due to the atoms and molecules of the same 
element when the conditions of discharge are slightly altered. 1 will confine 
myself to the case of the lines due to the atoms and molecules of hydrogen. 
By altering the ^losition of the cathode in the neck of the discharge tube 
we can make the line due to the atom either more or less intense than tliat 
due to the molecule. Thus if the cathode is well inside the neck the 
line due to the atom is more intense than that duo to the molecule, while if 
the cathode is pushed forward into tlie bulb the line due to the molecule is 
more intense than that duo to the atom. Examples of this difference are 
shown in figs. 14 and IS. Those changes in the position of the cathode , 
involve changes in the pressure of the gas, for to get the positive rays well 
developed the pressure has to be higher when the cathode is in the treok 
than when it protrudes into the bulb, so that it would seem that reduction 
of pressure favoirrs the forrrration of charged molecules more than that of 
charged atoms. 

In tire discharge tube we have cathode rays, positively electrified atoms 
and molecules, and rays analogous to soft Bontgen rays ; all these are known 
to ionise a gas when they pass through it As far on my observations have 
gone the properties of the positive t^ys indicate that the cathode particles 
produce the positively charged molecules, while the moving positively 
electrified particles produce the positively electrified atoms. 1 do not 
mean by this that under no circumstances can a cathode particle produce a 
positively charged atom, for it would probably do so if it struck one of the 
structural corpuscles, i,e, one of those which bind the two atoms in the 
molecule together. The number of molecules struck in this way would, 
however, be only a small fraction of those struck by the rays, so that if this 
were the only source of ionisation the number of charged atoms would be 
small compared with that of charged molecules. This, however, is not the 
case, so that we conclude that moving positively charged atoms and 
molecules are in the main responsible for the dissociation which produces 
the positively charged atoms occurring in the positive rays. 

I will now pass on to the consideration of another very interesting type 
of positive ray — the multiply charged atom. I say atom advisedly, because 
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it is doubtful whether we get among the poaitive rays multiply charged 
molecules. The indication of a multiple charge is that the line corresponding 
to the singly charged carrier is prolonged abnormally towards the vertical. 
The only case of a line due to a molecule for which I have observed a 
suspicion of such a prolongation is that of the line for which mfe s 28, 
corresponding to a molecule of nitrogen or carbon monoxide. There is reason 
for doubting whether this is a genuine prolongation of the molecular line, 
as, since mje for aluminium ss 27'3, if any aluminium atoms from the cathode 
got into the discharge tube, the prolongation might be that of the atomic 
line of aluminium rather than that of the line due to the molecule of 
nitrogen. 

The rarity of the doubly charged molecule seems to indicate that the shock 
which produces the double charge is sufficiently intense to dissociate the 
molecule into its atoms. The uniformity of the intensity of the parabolas 
corresponding to the multiply charged atoms shows that they acquire this 
chaige at one operation and not by repeated ionisation on their way to the 
cathode. 

The occurrence of the multiple charge does not seem to be connected 
with the valency or other chemical property of the atom. Of all the 
elements whose lines I have studied, hydrogen and Xs (see p. 14) are the 
only ones which liave never appeared urith a double charge. Elements as 
different in their chemical properties as carbon, nitrogen, oxygen, chlorine, 
helium, neon, a new gas whose atomic weight is 22, argon, crypton, mercury, 
all give multiply charged atoms. The fact that these multiple charges so 
frequently occur on atoms of the inert gases proves, I think, that they are 
not produced by any process of chemical combination. 

All the i-esults point to the conclusion that the occurrence and magnitude 
of the multiple oliarge is connected with the mass of the atom rather than 
with its valency or chemical properties. We find, for example, that the 
atom of mercury, the heaviest atom I have tested, can liave as many as 
8 charges, crypton can have as many as 6, argon 3, neon 2, and so on. There 
is evidence that when these multiple charges occur the process of ionisation 
is generally such that the atom starts either with one charge or with the 
maximum number, that in the ionisation of mercury vapour, for example, 
the mercury atom begins either with 1 charge or with 8, and that tlie 
particles which produce the parabola corresponding to 5 charges, for 
example, started with 8 and lost 3 of them on its way through the tube in 
the cathode. The intensity of the lines corresponding to multiply ohaiged 
atoms varies greatly with what are apparently but small alterations in the 
condition of the discharge, a slight alteration in the pressure or in the 
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position of the cathode may make all the difference between the lines being 
quite strong or so faint as to be hardly visible. 

We shall now pass on to consider the negatively electrified particles which 
are found mixed with the positive rays. These have much the same energy 
as the positively electrified ones ; they are, in fact, positively electrified until 
they reach the cathode, they get neutralised after passing through it, and 
attract another corpuscle, thus getting negatively electrified before reaching 
the electric and magnetic fields. As they are moving past the corpuscles 
at a very high speed, in some cases as fast as 2 x 10* cm./8ec., it is evident 
tliat their attraction for the corpuscles must be very considerable, otherwise 
they could not grip and hold fast a corpuscle under such conditions. Tlie 
power of a particle to get negatively electrified may thus be taken as an 
indication of the strength of the electric field round it, if the electric field is 
small, i.e. if the chemical affinities of the particle are saturated, it will not 
be able to pick up a corpuscle and become negatively electrified, while it 
may be able to do so if it is unsaturated and the electric field around it 
intense. 

Now I have not yet found a case where a molecule of a compound gas 
acquires a negative charge, and only two cases, which will be considered 
later on, where a molecule of an elementary gas does so. Again, there are 
some elements whose atoms, when in the positive rays, never acquire a 
negative charge, such as nitrogen, helium, neon, argon, crypton, and mercury 
vapour, while negative charges are found on the atoms of hydrogen, carbon, 
oxygen, sulphur, chlorine. In oxygen the parabolas due to the negatively 
charged atoms are exceptionally strong ; an example of this is shown in the 
photograph reproduced in fig. 11, which was taken when the gas in the 
discharge tube was very pure oxygen. Another photograph, showing the 
lines due to negatively electrified oxygen and carbon atoms, is reproduced in 
fig. 16. 

The two cases where I have found a molecule of an element to be 
negatively charged are oxygen and carbon. The negatively electrified 
molecule of oxygen does sometimes occur, although it is by no means 
common; the conditions for its appearance have not been worked out with 
certainty, it is probably connected with the presence in the discharge tube 
of some oxygen compounds of a special type ; the negatively charged oxygen 
atom, on the other hand, occurs in nearly every case when oxygen is present 
in the tube. It is not perhaps inconsistent with the chemical properties of 
oxygen to suppose that in some compounds we may have two oxygen atoms 
united together so as to form a system with a good deal of residnal affinity, 
hydrogen peroxide is perhaps an example of this. 
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The conditions which regulate the appearance of the negatively charged 
carbon molecule have been worked out and are very interesting. The 
negative molecule does not occur in compounds like manh-gas, carbon 
dioxide, carbon monoxide, phosgene, and so on, where there is no linking 
between carbon atoms. On the other hand, it does ooenr with com- 
pounds like acetylene, ethylene, ethane, where there are two carbon atoms 
linked together by one or more bonds. This is interesting from the chemical 
point of view because it shows that in such compounds two carbon atoms 
are held so firmly together that they remain united when the molecule is 
broken up by the rough treatment it receives in the discharge tube ; and 
secondly, that the system consisting of the two carbon atoms is a highly 
unsaturated one, as there is an electric field round it strong enough to 
catch and hold a corpuscle moving past it at a very high speed. In benzene 
vapour we get negatively electrified triplets of carbon atoms, and I have 
sometimes thought that I could detect the negative quartet. 

Tlie Use of Positive Pays as a Method of Chemical Analysis. 

Since each parabola on the photograph indicates the presence in tiie 
discbaige tube of particles having a known value of mje, and as by the 
methods described above we can determine what multiple e is of the unit 
charge, we can, by measuring the parabolas, determine the masses of all the 
particles in the tube, and thus identify the contents of the tube as far as this 
can be done by a knowledge of the atomic and molecular weights of all its 
constituents. The photograph of the positive rays thus gives a catalogue of 
the atomic and molecular weights of the elements and compounds in the tube. 
Tliis method has several advantages in comparison with that of spectrum 
analysis, especially for the detection of new substances; for, with this 
method, when we find a new line we know at once the atomic or molecular 
weight of the particle which produced it. Spectrum analysis would be much 
easier and more efficient if from the wave-length of a line in the spectrum 
we could deduce the atomic weight of the element which produced it, and 
this virtually is what we can do with the positive-ray method. 

Again, in a mixture the presence of one gas is apt to swamp the speotrum 
of another, necessitating, in many cases, considerable purification of the gas 
before it can be analysed by the spectroscope. This is not the cose to 
anything like the same extent with the positive rays; with these the 
presence of other gases is a matter of comparatively little importance. 

With regard to the sensitiveness of the positive ray method, 1 have made, 
as yet, no attempt to design tubes which would give the maximum sensitive- 
ncss, but with the tubes actually in use there is no difficulty in detecting the 
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helium contained in a cubic centimetie of air, even though it is mixed with 
other gases, and I have not the slightest doubt a very much greater degree of 
sensitiveness could be obtained without much difficulty. 

I will illustrate the use of the method by some applications. The first of 
these is to the detection of rare gases in the atmosphere. Sir James Dewar 
kindly supplied me with some gases obtained from the residues of liquid air ; 
the first sample bad been treated so as to contain the heavier constituents. 
The positive>ray photograph reproduced in fig. 17 gave the lines of xenon, 
crypton, aigon, and a faint line due to neon ; there were no lines on the photo- 
graph unaccounted for, and so we may conclude that there are no heavy 
unknown gases in the atmosphere occurring in quantities comparable with 
that of xenon. Die second sample from Sir James Dewai* contained the 
lighter gases ; the photograph (fig. 18) shows that, in addition to helium and 
neon, there is another gas with an atomic weight about 22. This gas has 
been found in every specimen of neon which has been examined, including a 
very carefully purified sample prepared by Mr, £. W. Watson and a specimen 
very kindly supplied by M. Claud, of Paris ; the photograph of this specimen, 
fig. 19 (Plate 3), is remarkable, os it shows, in addition to this line and the 
helium line, a line corresponding to a substance with atomic weight 3, whose 
properties are discoased later on. The substance giving the line 22 also occurs 
with a double charge, giving a line for which mfe =s 11. There can, therefore, 
I think, be little doubt that what has been called neon is not a simple gas 
but a mixture of two gases, one of which has an atomic weight about 20 and 
the other about 22. The parabola due to the heavier gas is always much 
fainter than that due to the lighter, so that probably the heavier gas forms 
only a small peioentage of the mixture. 

Another application of the method was to the analysis of the gas in a small 
glass tube in which 30 mgrm. of radium bromide had been sealed for more 
than 10 years. The photograph showed that, in addition to helium, the tube 
contained considerable quantities of neon, or some gas with about the same 
atomic weight, some gas of the atomic weight 3 mentioned before, and also a 
trace of argon, a little more than I should have expected from the volume of 
air in the tube, although the difference was not very great. The photograph 
is shown in fig. 20. 

The last application of the method I shall bring before you is to the 
investigation of the gas for which mje = 3. The most cemvenient way of 
producing this gas is by bombarding solids by cathode rays. The ammge- 
ment used for this purpose is shown in fig. 21. A is a vessel communicating 
by a tube with the bulb B, in which the positive rays are produced ; a tap is 
placed in the tube, so that the communication between the vessels can be cut 
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off if dented, A is provided with a carved cathode, like those used for 
Ront^n-ray focus tubes, and the cathode rays focus on the platform on whioh 
the substance to be bombarded is placed. After the solid to be examined has 
been placed on the platform, the tap between A and 6 is turned so as to cut 
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off the connection between them, A is exhausted until the pressure is low 
enough for the cathode rays to be produced, the electric discharge is sent 
through A, and the cathode rays bombard the solid ; the result of this is that 
in a very short lime so much gas, mainly COg and hydrogen, is driven out of 
the solid that the pressure gets too high for the cathode rays to be formed ; 
to reduce the pressure a tube containing charcoal cooled by liquid air is 
connected with A, and the gases given off at the commencement of the 
bombardment ore absorbed by the charcoal ; after the first rush of gas has 
come off, the oharooal is cut off from A by the tap. 

To analyse the gases given off from the solid, a photograph is taken before 
the connection between A and B has been opened ; after this is finished and 
when the bombardment has been going on for some hours, the tap is turned and 
a little of the gas from A is allowed to go into B : another photograph is taken, 
and the lines in the second photograph which are not in the first represent the 
gases which have been liberated by the bombardment The solids tested 
include platinum, lead (both old and some chemicedly pure, procured from 
Kahlbaum), gold, silver, copper, iron, nickel, nickel oxide, zinc, aluminium, 
Tnag T uwinm , uranium, palladium, graphite, calcium carbide, diamond dust, 
mica, liUiium chloride, potash, potassium iodide, potassium chloride, fluorspar, 
two specimens of meteorites, monazite sand, volcanic dust In every case, 
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except the two last, a gas whose atomic weight is 3 was fonnd to have been 
liberated by the bombardment with cathode rays ; in some cases the parabola 
corresponding to it was very well marked, as in the photograph reproduced 
in fig. 22, which is taken with the gas driven out of platinum (the Xs line 
is the third from the top) ; of the substances tried, the line corresponding to 
the gas with atomic weight 3, wliich I sliall denote henceforth by Xa, was 
strongest with platinum, lithium chloride, and potash. The gas continues to 
come off, even though the bombardment is prolonged for some hours, but in 
all the coses I have tried it ceases if the bombardment is prolonged for the 
working hours of several days, and the metal arrives at a state when it 
can be bombarded without liberating the Xa. The metal before bombardment 
can be heated to a high temperature without producing much diminution in 
the sripply of this gas given off under the cathode rays, but by heating 
copper gauze, made of very fine wire, in a vacuum in a quartz tube to a red 
heat for about 40 hours it was reduced to a state when it no longer gave off 
Xa under bombardment. 

Helium and in some cases neon or a gas with approximately the same 
atomic weight are given off along with the Xa when solids are bombarded by 
cathode rays. Almost every substance I have bombarded gives off sufficient 
helium to be detected by this method. After long bombardment, however, 
the supply of helium gives out, generally long before the Xa is exhausted. 
This is hardly to be wondered at, for in most cases the amount of Xs is much 
greater than that of helium. In minerals like tborianite, monazite, the two 
meteorites 1 examined, and a specimen of volcanic dust, the helium is in 
excess, in monazite and thorianite the Xa is but a small fraction of the 
helium. Tliis method is a very convenient one for analysing the gases in 
minerals. I may say in passing that helium in small quantities is by no 
means an infrequent impurity in gases. I have detected it as well as Xa in 
some oxygen obtained from a cylinder. I do not mean, however, to imply 
that all such oxygen contains helium. 

With regard to the origin of the gases given out on bombardment, the fact 
that the emission of gas ceases after prolonged bombardment, and that thin 
copper wire by long continued heating can be brought to a state in which it 
ceases to emit the gas, favours the conclusion that in such oases the gas is 
originally present in the solid, or at any rate is not manufactured d* novo by 
the action of the cathode rays alone. The question arises. Are the gases 
merely absorbed by the solid in the same way that air is absorbed by water 
or are they constituents of atoms or molbcules which are decomposed by the 
cathode rays 7 The gas is certainly held with surprising firmness by the metal, 
the only case in which I have been able to get rid of it by beating is that of 
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the fine copper wire bested to redness for a week. 1 have heated lead in a 
vacmtm until two-thirds of it were boiled away and yet the remainder still 
gave off some helium and Xa when bombarded by the cathode rays. I tested 
the gases given out from the lead when heated and found traces of X« and also ' 
of helium ; the quantities obtained in this way were, however, very small 
compared with those produced by bombardment with cathode rays. 

If the gases were absorbed in the solids we should expect to be able to 
eliminate them by dissolving the solid in water or acid and evaporating the 
solution to dryness ; in some cases, however, this treatment does not reduce 
the quantity of gas liberated by the cathode rays. A conspicuous instance is 
lithium chloride : a sample of this when bombarded gave off X3 and helium, 
it was then dissolved in water and the solution evaporated to dryness, the 
freshly deposited lithium chloride gave off Xa and helium as freely as it did 
before solution, indeed the helium line seemed to be stronger than before. 
This process was repeated nine times without leading to any diminution in 
the gases given out. Similar results are obtained when the liCl is dissolved 
in alcohol instead of water and when KIIO is substituted for LiCl. It would 
seem very improbable that any gas merely absorbed or imprisoned by the 
solid would have been able to withstand this treatment, which, however, 
would not have eliminated any soluble compound of these gases. This 
persistence after solution suggests that the gas is in a state of ohemical com* 
bination and is not merely absorbed in the usual meaning of the term. We 
shall see that the gas Xs has some power of entering into chemical combina- 
tion so that the existence of it as a compound is not impossible. The 
lithium chloride, however, gives off helium after solution, as well as X3, so 
that, assuming that the solution and subsequent beating would eliminate any 
helium in the free state, the helium must either be generated from LiCl by 
the bombardment of the cathode rays, or else it must exist in some compound 
sufiSciently stable to admit of being dissolved without decomposition. 

In some oases, though not as we have seen in all, solution has the effect of 
putting the metal into a state in which it does not give off either Xa or 
helium when bombarded. Thus I could get no gas from lead freshly 
deposited as a " lead tree ” ; again, iron which gave off gas when bombarded 
ceased to do so when dissolved and re-precipitated. Again, platinum 
dissolved up in acid and converted into spongy platinum five times in 
succession, though it did not altogether cease to give off gas under bombard- 
ment, did not emit anything like so much as it did before bombardment. 
The differences in the effeota produced by the solution of the metal in 
different coses would be readily intelligible if these gases formed compounds 
of different qualities with the different metals. 
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Though the largest quantities of Xs are obtained by bombardment with 
cathode rays, this is by no means the only source of the gas. It and helium 
are obtained when the discharge from a Wehnelt cathode passes through an 
* exhausted tube. Indeed I had observed the line corresponding to it on 
several occasions on the photographic plate long before I tried bombarding 
the solids ; its appearance was, however, very sporadic and although I tested 
a great variety of gases I was never able to get it at will until after a tedious 
search I hit upon the method of bombarding solids. 

I will now pass on to describe the experiments I have made to test the 
nature of the substance Xj. 

The most obvious suggestion is that it is a carbon atom with four charges 
of electricity. This, however, is not tenable, for the followring reasons. The 
first are based on physical principles. We have seen that a multiply 
charged atom involves a pi'olongation of the line due to the singly charged 
one ; in the case of an atbpi with four charges the primary line would be 
prolonged until it reached up to one>quarter of the normal distance from 
the vertical. Now I have never observed a prolongation of the line due 
to the carbon atom beyond the half distance, this corresponds to a doubly 
cliarged atom, and the line for this atom is frequently found on the plate, 
though always fainter than the primary lina Again, on many of the plates 
where the X3 line is strongest there is no prolongation of the line due to 
the carbon atom at all, and no line coriesponding to the doubly charged 
atom. In some coses, indeed, the X3 line is stronger than the primary 
carbon line, and in all cases when the gas is generated by bombardment 
stronger than the doubly charged carbon line. This is the argument from 
the physical side ; there is, however, another argument based on considera- 
tion of a chemical character. The gas Xs can be stored and tested weeks 
after the bombardment has taken place. If then the line is due to the 
carbon atom with four charges it must be that some carbon compound is 
produced by the bombardment which, when introduced into the discharge 
tube, gives a plentiful supply of carbon atoms with four charges. Now I 
have put directly into the tube all the gaseous carbon compounds I could 
get, including marsh-gas, carbon dioxide, carbon monoxide, carbon tetra- 
chloride, phosgene gas, carbon bisulphide, cyanogen, acetylene, ethylene, 
ethane, the vapours of a number of alcohols and ether, benzene, coal gas, 
without getting a trace of the Xs line. Again, Xs can resist treatment 
with hot copper oxide and potash, which would remove the carbon com- 
pounds. For these reasons we may, I think, put aside the idea that Xs is 
due to carbon. 

If Xs does not contain a new element and is not carbon with four charges 
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it must be triatomic hydrogen. From the physical side there is considerable 
evidence in favour of this view ; for example, whenever Xa is freely produced 
by bombardment, it is always accompanied by large quantities of hydrogen : we 
may, however, have largo quantities of hydrogen without Xs. The chemical 
properties of Xa, however, in no way suggest hydrogen, so that if it is 
manufactured from that gas its relations to hydrogen must be very different 
from those of ozone to oxygen. The properties of Xa brought to light by 
these experiments are as follows : — 

It can be kept over mercury for several weeks, although it is diminished in 
amount at the end of that time. 

It can be heated in a quartz tube for several hours without any appreciable 
change, although the quartz is at a red heat. 

It can be sparked with oxygen and also with phosphorus without being 
destroyed. 

It is not affected when passed over cold metallic sodium, and when heated 
with sodium vapour it does not combine with it. 

It can withstand the action of red-hot copper oxide and potash. This 
experiment was tried seven times, in two cases there was an appreciable 
diminution in the quantity of Xa, in the others there was no effect. The 
exceptional cases, I am inclined to think, were due to some of the copper 
being reduced, as hot copper combines, to some extent, with Xa. Fig. 23 (3) 
is from a photograph when the gas had passed over hot copper oxide; 
23 (2) and (4) of the same gas which had not been treated, 23 (1) is 
the check taken before the gas was admitted; it does not show the 3' 
line or the helium, which would come just under the strong line atj the 
top, which is due to the hydrogen molecule. 

It can stand over potash for several days without being absorbed 

These properties point to its being a very inert substance, and are not those 
we should expect on allotropic form of hydrogen to possess. 1 have found, 
however, two cases where it enters into chemical combination — 

(1) It combines with mercury vapour when an electric discharge is sent 
through the mixture. 

(2) It combines, to some extent, with red-hot copper. This is illuatraied 
by the photograph reproduced in fig. 24 ; (1) is the check before introducing 
the gas, (2) and (4) that of gas not passed over copper ; (3) that of the gas 
after passing the copper, in this the 3' line is fainter than in (2) and (4). 

These properties point to the conclusion that if Xg is an element it has 
considerable resemblance to the inert gases helium and argon, although its 
chemical properties are slightly more energetic. The absence of parabolas 
corresponding to m/e »= 1*5 and m/e =s 6 shows that if it is an element it 
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is monatomic. Mendeldeff piedioted the existence of an element of atomic 
weight 3, and attributed to it properties similar to those of fluorine, but 
of greater intensity. The chemical properties of X« are much too lethargic 
to be consistent with the view that it is a kind of super-fluorine. If Xj 
is related to such an element, that element must have an atomic weight 2 
and not 3, and Xs must bo a stable compound of it with hydrogen. If 
this were the case, since the line corresponding to the element would 
coincide with that due to the hydrogen molecule, which is always on the 
plate, it would be difficult to get, by the study of the lines due to the 
positively charged particles, evidence os to its existence. We should expect, 
however, that a substance possessing the energetic chemical properties of 
Mendel^eifs clement would be able to attract a negative charge, and that 
there would be on the n^ative side of the photographs a line for which 
vife = 2. I have not, however, as yet been able to detect the existence of 
such a line. Again, with but three exceptions, H, B, N, all the atomic 
weights less than 40 are of the form 4 n or 4 n-l-3 ; if the atomic weight of 
Xs were 2 it would be another exception to this law. 

1 have much pleasure in thanking Mr. F. W. Aston, B.A., of Trinity College, 
and Mr. E. Everett, for the invaluable assistance they have given me with 
those experiments. 

l^^ote added June 14, 1913. — In the experiments described in the lecture 
the evolution of Xs and helium from metals under bombanlinent by catliode 
rays was in most cases much smaller when the metals had been freshly 
deposited, and the solution evaporated to dryness, than it was with metals 
which had not been so treated. Tlie supply of helium, too, soon gave out 
under bombardment, indicating tliat the helium liad been absorbed by the 
metal and was liberated by the bombardment. Tliere was one case, however, 
that of LiCl, in which solution produced no diminution in the amount of 
helium given out. This result led me to examine within the lust few days 
the effect of bombarding by catho<le rays the salts of the alkali metals and 
of the alkaline earths ; these exi)eriment8 have convinced me that when the 
salts of Li, Na, K or Bb are bombarded by cathode rays there is a genuine 
production, as distinct from liberation of absorbed gas, of helium and Xg, 
potassium giving the largest supply. The amotmt of helium obtained from 
these elements was much larger than that from any of the substances I have 
tried other than minerals such as monazite sand, thorianite, volcanic ash, 
or meteorites, which are known to contain free helium. On the other hand, 
the salts of calcium, ammonium, and silver, have shown no special power of 
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giving out helium ; the very Bmall amount obtained vras not more tlian could 
be accounted for by abRorl^ gas, they produce Xa, however, quite freely. 

The advantage of using the salts instead of the metals themselves is that, 
by solution in water or alcohol and subsequent evaiM)ration to dryness, they 
can be fi-eed from absorbed helium and Xs. The salts examined were laCl, 
LiOH, LiaCOa, NaCl, KHO, KI, KCl, KbI, NH4CI, CaCU, CaO (this was a 
portion of a lime-light cylinder), and AgCl. Tlie lithium, stxlium, i)ota8sium, 
and rubidium salts showed the helium line strongly, especially the potassium 
salts ; indeed, except with minerals which are known to contain helium, I 
have never seen the helium line so strong as it was when KI was bombarded. 
The strength of the He line was not diminished by repeated solution and 
evapoiation ; on the contrary, it was increased sometimes to a consulerable 
extent. I think this increase may be a Hccondary effect, due to the elimination 
from the salt of the ordinaiy absorbed gases, such as Hg and CO3. The result 
of this is that a smaller amount of gas comes off when the salt is bomliarded, 
the pressure in the bonilmrdment chamter is lower, and the cathode rays are 
faster and more energetic. The helium did not come from the electrodes, for 
when CaO or AgCl was bomliarded vrith the same electrodes, at the same 
pressure and for the same time, little or no helium was i)roduced. As an 
additional precaution, the cathode was scraped from time to time. All the 
saraides of the salts I liave tried give the same results. This makes it 
improbable that the effects are due to the presence of some helium-containing 
mineral like mona/ite sand. I have dissolved some of the salts in alcohol, and 
filtered the solution, without diminishing the stipply of helium; thus any 
helium-containing impurity must be soluble in alcoliol. 

On the plate on which the helium line urns strongest — the salt was KI — T 
could see a very faint line corresponding to an atomic weight 35 or there- 
abouts. 1 should have thought this was due to a trace of chloride among the 
l)ota88ium iodide, except for the fact that wlion KCl was substituted for KI 
this line was not strengthened. I have not yet l)een able to get this line 
strong enough to measure it with sufficient accuracy to decide whether the 
particle producing it has an atomic weight exactly equal to the difference of 
the atomic weights of potassium and helium. 

The evolution of helium in exceptionally large amounts from the alkaline 
metals is interesting, since potassium, as Mr. Campbell has shown, is radio- 
active. I am disposed to regard the emission of helium from these metals as 
supporting the speculation I gave in a letter to * Nature,' Fob. 13, 1913, 
that other elements besides radium, thorium, and the like, make attempts 
to expel a-jiarticles (atoms of lielium). In ordinary elements these particles 
have not enough energy to get away from the atom ; they are, however, as 

c 2 
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it were, loosened, and can be detached by vigorous bombardment with 
cathode rays. 

1 now pass on to consider the effect of solution and subsequent evaporation 
on the evolution of Xa, which all the salts, including the calcium, ammonium, 
and silver ones, gave off in abundance. Solution and evaporation ]>roduced a 
marked diminution in the output of X 3 from LiaCOa, K.I, KGl. It had little 
effect, however, on the output from LiCl, liOH, KOH, CaCl*. It will be noticed 
that these latter salts are very deliquescent, while those which arc affected by 
solution are not. 'lliis suggests that the diminution in Xa, when it occurs, 
may lie due to water being driven off when the salts are strongly heated after 
eva{K>ration, the deliquescent salts recovering the water before Ix»mbardment, 
whilst the others do not. The X 3 will come out of the salt with cathode rays 
which are not fast enough to lilierato helium. 

Tliese results show, I think, that the Xa liberated from the dissolved salts 
was not simply absorbed by them, but was either manufactured from hydrogen 
in the presence of water, or liberated from the atoms of one or more of the 
elements in tlie salt, and that the presence of water is an important, it may 
be an essential, condition for its production by atomic disruption. If we 
suppose Xg is made from hydrogen the function of the salt may be merely 
to supply the necessary water in a convenient form, Xa is produced when 
the discharge from a Wehnelt cathode passes through gas at a low pressure, 
though in this case tlie bombardment of the walls of the tube by cathode 
rays is feeble ; this and its sporadic appearance in discharge tubes would be 
accounted for if it were produced from water vajiour.] 

\Note added July 10, 1913. — I find tliat Xg disapiiears when a mixture of it 
with hydrogen is «|)arked with sufficient oxygen to give a violent cxplosiou.] 




Fi<;. i:iA. 


Via. 14 . 


Fuj. lo. 




v\\ 


T hi nil Situ , 


/A>//. So<\ rit/ 81>, Ptafv 2. 



Kk;. 17. 




ThomiiOH. 


Hoy. Sor. Proc.^ A, coi. 80 , Plate 





21 


The Magnetic Materials in Glaywares. 

By Arthur Hopwood. 

(Communicated by Prof. H. B. Dixon, F,B.S. Beceived May 14, — Bead 

June 19, 1913.) 

Eobert Boyle* * * § first observed the magnetic nature of burnt clays and 
found that a brick, alter being heated in a fire and subsequently allowed to 
cool in the same position, became magnetised in the same direction ns the 
earth's magnetic field. Later, J. B. Beccariaf observed that bricks or 
ferruginous stones which had been struck by lightning were also per- 
manently magnetised in the same direction as the earth’s magnetic field. 

But GheradiJ was the first to make a systematic study of the magnetism 
of burnt clays. He examined all sorts of clay articles made at different 
epochs and at various places in Italy and Egypt, and demonstrated the 
existence of permanent magnetism in all kinds of earthenware or stone- 
ware. Further, he observed that antique claywares permanently retained 
the magnetism induced in them during the process of baking, irrespective of 
the positions they afterwards occupied with respect to the earth’s magnetic 
field. In brief, the researches of Gheradi established the existence of 
permanent magnetism in all kinds of antique and modern claywares, and 
also demonstrated its influence on the measurements of the terrestrial 
magnetic elements in brick edifices. 

Taking advantage of the property which clay possesses of becoming 
magnetised during the process of baking and of permanently retaining the 
magnetism acquired through the action of the earth’s magnetic field, 
Giuseppe Folgheraiter§ advanced the view that the various claywares 
found in excavations and ancient tombs afford an indelible record of the 
state of the earth's magnetism at the epoch and place of their manufacture, 

* ' Experiments et ObservationeB Phyaicie,’ London, 1691, Chap. I, Expt. 12; *The 
Philosophical Works of the Honourable Robert Boyle,* by Peter Shaw, Ist Edition, 
London, 1725, yoI. 1, p. 504 ; 2nd Edition, London, 1738, vol. 1, p. 506 ; * Works of 
the Honourable Bobert Boyle,’ by Thomas Birch, New Edition, London, 1772, vol. 5, 
p. 573. 

t ‘ OhnervatioDS et M6moirea sur la Physique,* par M. I’Abbfi Rozier, Paris, 1777, 
vol. 9, pp. 382-3S4 ; vol. 10, pp. 14-16. 

X * II Nuovo Cimento,* 1862, vol, 16, p. 384 ; 1863, vol. 18, p. 108 ; see further, Gage 
and Lawrence, ‘ Phys, Rev.,’ 1899, No. 3, p. 304. 

§ * Roma, Beale Aocad. Linoei Atti,' 1696, vol. 5, pp. 66-74, 127-136, 199-206, 242-249, 
293-300 ; 1897, voL 6, pp. 64-79 ; 1899, vol. 8, pp. 69-76, 121-129, 176-183, 269-275 ; fee 
also ' Stances de la Soci5t6 Franyaise de Physique,’ 1899, pp. 118-123. 
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and thereby furnish us with an indirect means of enlarging our knowledge 
of the secular variation of the magnetic inclination of the earth. From 
various parts of Italy and Greece Dr. Folgheraiter collected a large number 
of antique vases and other clay articles, which had been placed in an upright 
position during the process of firing, and of which were also known the 
dates and places of their manufacture. He then determined the directions 
of the magnetic axes of these antique vases, which led him to assign definite 
values to the magnetic inclination at the time and place of their manufacture. 
Without entering into the numerous details of these indirectly interesting 
researches, it will be sufficient for our purpose to state briefly that the work 
begun by G. Folgheraiter, and more recently extended by B. Brunhes and 
P. David* and P. L. Mercanton,t had almost exchisively for its object the 
determination of tlie orientation of the magnetism in antique claywares as 
a means of extending the knowledge of tho secular changes in the magnetic 
inclination of the earth. 

In all these memoirs on the magTiotism of burnt clays it is asaxrmed that 
baked clays owe their magnetic properties entirely to tho presence of 
magnetic oxide of iron, and that this is derived partly from the orientation 
of the magnetite originally present in the clays, and partly from the reduction 
of the ferric oxide of the clays during the process of burning. Numerous 
observations on different kinds of claywares led the author to conclude that 
this view was too limited, and it will be shown in the following pages that 
white, cream, grey, yellow, buff, rod, or brown claywares are feebly or 
moderately magnetic owing to tho presence of black unfused grains of 
unchanged magnetic minerals and bluish-black fused globules of femiginous 
silicates ; while flashed, brindled, or blue claywares are strongly magnetic 
owing to the presence of ferruginous silicates and magnetic oxide of iron. 

Nature of the Magnetic Maieriala in Claywares. 

White, cream, grey, yellow, buff, red, or brown claywares when carefully 
examined, preferably on a fractured surface, are found to be mox’e or less 
speckled with black unfused grains or more frequently with bluish-black 
fused globules, varying in Bize^from minute bubbles to large blisters. The 
unfused black grains are generally unchanged granules or concretions of 
either magnetic or uon-inaguetic ferruginous minerals originally present in 
the unbaked clays. The more common bluish-black fused globules are never 
present in the unburnt clays, and are always strongly attracted by a magnet. 

e ^Oomptes RenduB,' 1001, vol 133, pp. 156-157 ; 1003, voL 137, pp 975-077 ; 1904, 
voL 138, pp 41-42 ; 1005, vol. 141, pp. 567-568. 

t ' Comptes Bendas,* 1906, vol. 143, pp 180-140. 
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When heated to 1300° C. in the reducing atmosphere of a blue brick kiln, 
or to 1360° C. in the oxidising atmosphere of a china buciiit oven, the fused 
globules sometimes melt, but otherwise undergo no change. The analyses 
of the fused globules from difierent kinds of claywares show them to be 
complex ferruginous silicates of slightly variable composition. Hence white, 
cream, grey, yellow, buif, red, or brown claywares normally owe their 
magnetic properties, partly to the presence of black unfused grains of 
unchanged ferruginous minerals, and partly to the presence of bluish-black 
fused globules of complex ferruginous silicates. 


Analyses of tho Magnetic Globules in Claywares. 



Globules from 
salt-glazed sewer pipes 
(Burslem). 

Globules from 
red bricks (llanloy). 

Globules from 
blue bricks (Tunstall). 

Silioa 

per cent. 

per cent. 

per ccut. 

40*52 

42*03 

42*8:1 

AlumitiA 

17-86 

16 *60 

15*60 

Ferrou 0 oxide (ealc. 
from total iron) 

30*73 

i 

81 '66 

84*27 

Manganous oxide 

0*92 

0*74 

0*83 

Lime 

1 4-93 

4*66 

2*74 

Magnesia 

4-82 

8*63 

2-03 

Alkalies 

0*68 

0-90 

0*72 


00-76 

j 90-flO 

00-82 


When grey, yellow, buif, red, or brown claywares have been flashed, t.«. 
partly reduced, in the baking process so that their surfaces become greenish- 
black or bluish-black in places, they invariably contain more fused globules of 
ferruginous silicates than the corresponding normally fired claywares, together 
with varying amounts of an unfused magnetic material present in the greenish- 
black or bluish-black patches. In some claywares, these unfused bluish-black 
patches can easily be separated mechanically from the fused globules of fer- 
ruginous silicates, but as their magnetic constituent is so unifonnly distributed 
throughout the bluish-black patches it cannot bo separated mechanically from 
the main body of the claywares. On analysis, a greenish-black patch on a 
piece of slightly flashed terra-cotta gave 2‘1 per cent, of ferrous oxide and 
6‘5 per cent, of ferric oxide, indicating that only port of the ferric oxide had 
been reduced to magnetic oxide of iron, while a bluish-black patch on a badly- 
flashed red brick made from the same clay gave 2*8 per cent, of ferrous oxide 
and 6*7 per cent, of ferric oxide, corresponding to the proportions of these 
oxides in magnetic oxide of iron. Hence, the unfused magnetic material 
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present in the greenish- or bluish-black patches on grey, yellow, buff, red, or 
brown claywares is magnetic oxide of iron. 

Blue claywares made by strongly heating a highly ferruginous clay, first in 
an oxidiung and finally in a reducing atmosphere, consist of a blue-black 
unfused interior speckled with hluish-hlack fused globules, and an external 
perfectly fused blue film. When a portion of a blue brick is heated to 
1100° C. in the oxidising atmosphere of a red brick kiln, the external blue 
film and the internal bluish-black fused globules remain unaltered, while the 
blue-black unfirsed portion of the interior acquires the red colour of ferric 
oxide. Both the bluish-black fused globules and the blue-black unfused 
interior are strongly magnetic, and in some specimens they con be separated 
mechanically. On analysis, the fused globules in blue claywares are found 
to be ferruginous silicates somewhat similar in composition as well as 
properties to those present in white, cream, grey, yellow, buff, red, or brown 
claywares. On analysis, the unfnsed interiors of two strongly magnotio blue 
claywares gave 2*3 and 2‘5 per cent, of ferrous oxide to 4‘7 and 5‘1 per cent, 
of foiric oxide respectively, corresponding to the proportions of these oxides 
in magnetic oxide of iron ; while the unfused interiors of two less magnetic 
blue claywares made from the same clays gave 4*1 and 4*5 per cent, of ferrous 
oxide to 2'8 and 3'0 per cent, of ferric oxide respectively, showing that the 
reduction in the latter cases had proceeded beyond the limits requisite for the 
production of magnetic oxide of iron, and that ferrous oxide as well as terroso- 
ferric oxide may be present in the unfused blue-black matrix of blue 
claywares. It follows from these analyses that flashed, brindled, or blue 
claywares always owe their strongly magnetic properties to the presence of 
complex ferruginous silicates and magnetic oxido of iron. 

Oriffin of the Magnetic Materiala in Claywaret. 

As ordinary clays contain but small amounts of magnetite only a small 
proportion of the magnetic oxide of iron present in flashed, brindled, or blue 
claywares can have been derived from the magnetite originally present in the 
clays, and consequently the larger proportion must obviously have been 
produced by the reducing action of the kiln gases on the finely divided oxides, 
hydroxides, or carbonates of iron distributed uniformly throughout the clays. 

The derivation of the fused globules of ferruginous silicates is quite 
different from that of the magnetic oxide of iron. While the latter would 
appear to be derived generally from the precipitated or colloid oxides, 
hydroxides, or carbonates of iron disseminated throughout the clays, the 
former would appear to be derived from the granules or concretions of 
ferruginous minerals like iron pyrites, cupriferotxs pyrites, siderite, hematite. 
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magnetite, menaocanite, oliromite, glauoonite, biotito, hornblende, etc., which 
always occur in clays in masses varying in size from minute particles to large 
pieces. It is well known by clay workers* that when a clay containing' 
granules or concretions of ferruginous minerals is easy>firejl in a strongly 
oxidising atmosphere, these minerals are left in the product as unfused black 
grains, while if the clay be fast-fired or hard-fired in a slightly oxidising or 
neutial atmosphere, or better if the clay be over-fired in a slightly reducing 
atmosphere, these minerals fuse with the surrounding matrix, producing small 
bubbles or large blisters of a bluish-black ferruginous slag. In conformity 
with this, the author observes that easy-fired white, cream, grey, yellow, buif, 
red, or brown claywares are less magnetic than hard-fired claywares and 
considerably less magnetic than over-fired claywares made from the same 
clays. 

To test these explanations of the origin of the magnetic materials present 
in claywares, six clays used in the manufacture of different kinds of clay- 
wares were heated separately in different kilns ranging in temperature from 
600° to 1350° The clays selected for investigation were a china clay, 
a ball clay, a stoneware clay, a fireclay, a common brick clay, and a red terra- 
cotta clay, which contained 0‘27, 0*55, 1*3, 2*2, 3*5, and 5*5 per cent, of iron 
respectively. The granular and concretionary ferruginous minerals were 
removed from portions of these clays by passing them through a fine sieve 
and subjecting them to an electromagnet, then elutriating the powders with 
water in a Schbne’s apparatus, f and finally collecting the purified clays from 
the suspension in water by sedimentation. The purified and tho naturally 
occurring clays were then pressed separately into small tiles and heated 
whilst enclosed in seggars in the most strongly oxidising portions of (1) a 
ceramic thermoscope kiln raised to 600° G. in 12 hours ; (2) a white earthen- 
ware enamel kiln raised to 750° C. in 10 hours; (3) a white earthenware 
majolica kiln raised to 1000° C. in 20 hours ; (4) a red terra-cotta kiln raised 
to 1100° C. in 80 hours; (5) a reddish-brown roofing tile kiln raised to 
1180° C. in 80 hours ; (6) a white earthenware biscuit oven raised to 1250° C. 
in 40 hours ; and (7) a china biscuit oven raised to 1350° 0. in 40 hours. 
In every case, the purified clays gave white, cream, grey, buff, red, or brown 
uon-magnetio bodies free from black specks of either unfused grains or fused 
globules, showing that the magnetisation of ordinary days, when heated in 
strongly oxidising kilns, originates in the granular or concretionary ferruginous 
minerals and not in the precipitated or colloid oxides, hydroxides, or 
carbonates of iron present in the clays. The naturally occurring clays heated 

* <y. K Orton, * Trans. Amer. Cer. Soc.,’ 1903, voL 5, pp. 377-430. 

f Cf. * Zeitaclir. f. Anal. Chem.,’ vol. 7, p. 90. 
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to 6C0°, 750°, or 1000° C. in strongly oxidising atmospheres gave white, 
cream, grey, bufT, or red magnetic bodies, which were speckled with black 
nnfnsed grains of unehangei) fermginons minerals, but with no bluish-black 
fused globules of ferruginons silicates ; moreover, the amounts of magnetic 
materials they contained were rather less than those present in the unbaked 
clays, showing that ndinaty clays, when heated in strongly oxidising kilns 
ranging in temperature from 600° to 1000° C., become magnetised only by 
the orientation of the magnetic minerals originally present in the nnbumt 
clays. The naturally occurring clays, when heated to 1100° C. in the 
oxidising part of the red terra-cotta kiln, left white, cream, grey, buff, or red 
magnetic bodies speckled with many black nnfnsed grains of unchanged 
ferruginous minerals and a few bluish-black fused globules of ferruginons 
silicates ; further, when the same clays were heated in the oxidising portions 
of the previously mentioned, higher temperature, clayware kilns they left 
similarly coloured magnetic bodies generally containing more fused globules 
of ferruginons silicates and less unfused grains of unchanged ferruginous 
minerals, showing that ordinary clays, when heated in oxidising clayware 
kilns ranging in temperature from 1000° to 1350° C., become magnetic, 
partly owing to the orientation of unchanged magnetic minerals and partly 
to the conversion of granular or concretionary ferruginous minerals to fused 
globules of complex ferruginous silicates.* When the clays were heated in 
the slightly reducing portions of the above clayware kilns, or better when 
heated to 1300° 0. in the strongly reducing atmosphere of a blue brick kiln, 
the purified clays yielded white, grey, or blue magnetic bodies containing 
unfused magnetic oxide of iron but free from fused globules of ferruginous 
silicates, while the naturally occurring clays yielded similarly coloured 
magnetic bodies containing nnfnsed magnetic oxide of iron and also fused 
globules of ferruginous silicates. Tins shows that ordinary clays when heated 
strongly in reducing kilns become highly magnetic due to the formation of 
complex ferruginous silicates and magnetic oxide of iron. 

Amounts of the Magnetic Materials in Otayvmrea. 

In view of the fact that the ms^netic disturbances existing in magnetic 
observatories and physical laboratories have in many coses been found to be 
due to the brickwork of the buildings, f magneticians and physicists hove to 

* Cf. O. Folgheraiter, ‘ Boms, Beale Aooad. Linoei Atti,’ 1895, vol. 4, S, pp. 78-85 ; 
1897, vol. 6, S, pp. 368-370. 

t cy. Lament, ‘ Abhandl. d. K. Bayr. Akad. d. Wise., Math. Phys.,’ 1847, vol. 5, p. S4 ; 
F. Kohlrausch, ' Wied. Ann.,' 1883, voL 19, p. 142 ; B. W. Willson, ‘ Amer. Journ. Sci.,' 
1890, vol. 39, pp. 87-93, 450-470. 
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be very careful in the aeleotion of building materials to be employed for such 
purposes.* In consequence, the author has determined the combined 
amounts of the magnetic materials present in the different kinds of clay* 
wares made in various parts of the country, in order to ascertain which 
would and which would not be suitable for the construction of such buildings. 

The combined amounts of the magnetic materials present in each kind of 
clayware were determined by powdering separately several specimens, 
representing all grades from the best to the worst of each kind, and tlien 
weighing the black particles which adhered to a 12-inch horse-shoe magnet 
when its poles were moved repeatedly through the finely powdered mass 
placed upon a piece of glazed paper. In the case of white, cream, grey, 
yellow, buff, red, or brown claywares, the complete separation of the black 
magnetic materials from the non- magnetic matrix was usually accomplished 
after subjecting their powders to the magnet for 5-10 hours, but in the case 
of flashed, brindled, blue, or black claywares the complete separation of the 
magnetic from the non-magnetic materials could not always be made even 
by a much more prolonged application of this process. 

For convenience of description the claywares are roughly divided according 
to their colour into six classes, i.e. white, grey, yellow, red, blue, or black 
claywares. Each of these classes contains widely different varieties, which 
are distinguished in this paper by brief statements of their uses or the 
clays and other materials employed in their production at the same time 
as the variation of the combined amounts of the magnetic materials in each 
variety is given. 

(i) White Claytoarea . — Porcelain or china made either from a mixture of 
china clay and felspar, or from, a mixture of china clay, ball clay, cornish 
stone, and calcined bones, is always feebly magnetic, f and contains from 
traces to 0*002 per cent, of black magnetic materiala Glazed white earthen- 
ware or glazed white stoneware made for ornamental, household, or electrical 
purposes, from a mixture of china clay, ball clay, cornish stone or felspar, 
and flint, is also feebly magnetic, and contains from 0*0005 to 0*005 per cent, 
of black magnetic materials. The coarser white or cream terra-cotta and 
also ornamental or facing bricks made from common ball clays are more 
magnetic, and generally contain from 0*001 to 0*1 per cent, of magnei/io 
materials ; while the still coarser white or grey firebricks made from china 
clay refuse or from disintegrated granite usually contain from 0*01 to 
1*0 per cent, of black magnetio substances, although as much as 5 per cent. 

* Cf.C.C. Marah, 'Obaei-vationaat tho Uiuted States Naval Oboervatpry,’ Washington, 
18S7, Appendix I, pp. 1-37. 

t Cf. M, Faraday, ‘ PhU. Trana.,’ 1846, voL 63, Fart I, p. 80. 
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is frequently found in badly-fired specimens having speckled bodies or 
flashed surfaces. Further, the white, pink, green, or blue floor tiles for 
tesselated or mosaic pavements made by colouring white-burning clayey 
mixtures with a zinc, tin, nickel, chromium, or cobalt stain are technically 
and magnetically similar to the finer qualities of white earthenware, and 
contain from 0*0005 to 0*005 per cent, of black magnetic bodies. 

(ii) Grey Claywarea . — Glazed stoneware made from siliceous ball clays for 
culinary, preserving, bottling, or electrical purposes usually contains from 
0*001 to 0*5 per cent of mimetic materials, although more than 1 per cent, 
is often present in badly speckled or flashed bodies. The coarser salt-glazed 
stoneware made from vitreous fireclays for sanitary purposes is generally 
more magnetic and usually contains from 0*015 to 5*0 per cent, of black 
magnetic materials, but in badly speckled, black-cored, or flashed specimens 
the proportion is often as high as 10 per cent. 

(iii) Bvff or Yellow Claywares , — Cream or buff olaywares made from 
various grades of tertiary or carboniferous buff-burning fireclays vary con- 
siderably in their magnetic qualities. Glazed buff tiles, teapots, and similar 
goods made for ornamental or household uses usually contain from 0*001 to 
0*5 per cent, of magnetic materials, though those with badly speckled or 
flashed bodies, almost invariably covered with dark-coloured glazes, often 
contain more than 1 per cent. Buff floor tiles piade from high grade buff- 
burning clays for tesselated or mosaic pavements arc always feebly magnetic, 
and usually contain from 0*001 to 0*25 per cent, of black magnetic materials ; 
but the ordinary buff quarry floor tiles, terra-cotta, and also paving, facing, 
or ornamental bricks generally contain from 0*005 to 1*0 per cent, of 
magnetic substances. The coarser buff fire-bricks, glazed bricks, and similar 
refractory wares made from lower grade fireclays are more magnetic, and 
generally contain from 0*01 to 5*0 per cent, of black magnetic substances, 
while 10 per cent, is often found in specimens having black cores, speckled 
bodies, or flashed surfaces. Similarly, the cream or yellow olaywares made 
from calcareous ferruginous clays or calcareous clayey mixtures vary some- 
what like the refractory claywares in their magnetic properties, and usually 
contain from 0*006 to 5*0 per cent, of black magnetic substances. Further, 
the grey or drab floor tiles for tesselated or mosaic pavements made from 
a high grade buff-burning clay and manganese dioxide or puddier’s tap 
cinder, are invariably more magnetic than the technically similar buff floor tiles, 
and usually contain from 0*005 to 1*0 per cent, of black magnetic materials. 

(iv) Red or Brown Claywarea . — Bed or brown olaywares made from highly 
ferruginous clays vary greatly in their magnetic properties. Glazed red 
tiles, teapots, and similar wares made for ornamental or household purposes 
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generally contain from 0*001 to 1*0 per cent, of magnetic materiala, though 
as much as 5 per cent, is often found in specimens having badly speckled 
or flashed bodies covered with dark-coloured glazes. Salmon or red floor 
tiles made from high grade red-buming clays or clayey mixtures for 
teeselated or mosaic pavements, are always feebly magnetic, and contain 
from O'OOl to 0*3 per cent, of block magnetic materials ; but the ordinary 
red quarry floor tiles, plant pots, terra-cotta, and also ornamental, paving, 
or facing bricks, generally contain from 0*005 to 1*0 per cent, of black 
magnetic substances. The coarser common red building bricks and red fire- 
bricks, as well as red and brown roofing tiles, are more magnetic and 
generally contain from 0*01 to 10 per cent of black magnetic substances, 
but 20 per cent is frequently found in badly fired specimens having black 
cotes, speckled bodies, or flashed .surfaces. Further, tho chocolate floor tiles 
for tesselated or mosaic pavements made from a high grade red-buniing 
clay and manganese dioxide or puddler’s tap cinder, are invariably more 
magnetic than the technically similar red floor tiles, and usually contain 
from 0*005 to 1*0 per cent of black magnetic bodies. 

(v) Blue or Briudhd Claywarea . — Blue, brindled, or flashed clay wares made 
by heating ferruginous clays first in an oxidising, and finally in a reducing 
atmosphere, are always very magnetic, the intensity of their magnetisation 
depending upon the extent of the conversion of the finally disseminated oxides 
of iron and the grains of ferruginous minerals to magnetic oxide of iron and 
ferruginous silicates. Brindled bricks and other partially reduced claywares 
like grey, buff, or red claywares having flashed surfaces, yield powders of 
which 10 to 50 per cent usually adheres to a magnet, while blue bricks, 
blue quarry floor tiles, and other completely reduced claywares give 
impalpable powders, the whole of which often adheres to a magnet This 
shows that either the whole mass of a uniformly blue clayware is a 
ferruginous silicate having strongly magnetic properties,* or more probably 
that the magnetic oxide of iron produced by tho reduction of the homo- 
geneously distributed ferric oxide is uniformly disseminated throughout the 
mass of the clayware, making the separation of the magnetic from the non- 
magnetic materials impossible by mechanical means. 

(vi) BUiek Claywares . — ^The greatest variation in magnetic qualities is 
found in the black claywares used for ornamental or paving purposes. 
Those made from a ferruginous clay, manganese dioxide, and ironstone, 
are usually feebly magnetic and generally contain from 0*01 to 1*0 per 
cent, of magnetio materials ; but those made from a ferruginous clay and 


* C/.ti. Orton, ‘liana Amer. Cer. Soc.,’ 1903, vol. 0, pp. 377-430. 
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puddler’a tap cinder are generally strongly magnetic, and usually yield 
powders the whole of which adheres to the poles of a magnet. 

The general conclusions to be drawn from these analyses are that all baked 
clay wares are magnetic, and that different kinds, as well as different specimens 
of the same kind, contain extremely varying amounts of black magnetic 
materials. Black, blue, or brindled claywares, and also badly-hred grey, 
yellow, buff, red, or brown claywares having black interiors, speckled bodies, 
or flaslicd surfaces, are almost invariably strongly magnetic ; while white, 
cream, grey, yellow, buff, red, or brown claywares having none of these 
imperfections are always feebly magnetic. Whenever claywares have 
speckled bodies. Hashed surfaces, or black cores, they are always much 
more magnetic than the corresponding ones free or relatively free from 
these defects; and, consequently, the intensities of the magnetisation of 
any white, cream, grey, yellow, buff, red, or brown claywares cim be 
roughly inferred from a cursory examination of the extent of the specking. 
Hashing, or black-coring they exhibit. 

liuililivg Materials for Phymal Laboratories and Magnetie Ohservatorm. 

The strongly magnetic nature of certain claywares shows that great care 
must be exercised in the choice of these materials for the construction of 
magnetic observatories and physical laboratories, or serious disturbances may 
take place during observations with delicate magnetic instruments. 

The suitability of claywares for building purposes, or the choice between 
two or more claywares, can often be readily inferred from a cursory examina- 
tion of their outward characteristics. In other cases, the problem can be 
solved very readily by determining the combined amounts of the magnetic 
materials in their powders by extraction with a magnet. 

Many physical laboratories are in existence in which greater care in the 
selection of the claywares used would have considerably reduced the magnetic 
disturbances existing in them. Some are built with badly speckled and 
flashed bricks, and others even contain brindled and blue claywares. These 
are not by any means the least magnetic of the claywares, and consequently 
on delicate magnetic instruments they will cause disturbances which could 
have been easily reduced to a negligible extent by a mote careful selection of 
the building materials. 
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On tlie Force Exerted on a Magnetic Pa/rtide hy a Va/rying 

Electric Field. 

By J. G. Leathkm, M.A., D.Sc., Fellow of St. John’s College, Cambridge. 

(Communicated by Sir J. Lormor, F.B.S. Beceired May 21, — 

Bead June 26, 1913.) 

With a view to explaining magnetism as a purely electrical phenomenon it 
is customary in the modern theory of electromagnetism to define magnetic 
force as a solenoidal vector whose curl is 4 w times the electric current, and 
tlie magnetisation of a material element as half the angular moment of the 
motion of electricity in the clement.* But it is clear that the definitions 
remain unjustified until it has been shown that the relations of these 
quantities to one another and to the other quantities of the theoretical 
formulation are the same as the relations which experience indicates as 
subsisting between the corresponding physical quantities. 

It is, therefore, an essential part of the test of the theory to ascertain the 
theoretical value of the force exerted by a varying external field upon a 
magnetic particle. 

The particle is supposed to contain electric charge, whether continuously or 
discretely distributed it is not necessary at the moment to specify. This 
charge is supposed to be in motion relative to the particle, and the force 
exerted on the particle by the electromagnetic field is simply the resultant of 
the forces which the field exerts on the electric charge. 

Let w denote the velocity of an origin 0 situated in the particle and 
moving with it, and let an element of electric charge de belonging to the 
particle have co-ordinates x, y, z referred to non-rotating axes with 0 as 
origin. Then the velocity of de has components Wx+i, Wf+y, tOx+i, and may 
be denoted by to+u. 

The external field is specified by the magnetic intensity H, (a, / 9 , 7 ), and 
the {ethereal displacement D, (/, y, h). If these letters without suffix denote 
the values at 0 , the value at {x, y, s) is derived by means of the operator of 
Taylor’s expansion, namely 

exp(*|.i.y|+*|). 

In terms of the electromagnetic system of units the force on an element of 
charge is 

{4 wC*D + [w + «, H]} de, 

* C/.H. A. Lorent^ ' Eiu^k. der Msth. Wisa,’ vol. v, 3, p, 181 ; and Larmor, * dBther 
and Matter,’ § 64. 
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where c is the velocity of light, and the square bracket denotes the vector- 
product Consequently the resultant force on the particle is 

F as {47rc»D +[«>+«, H]} de, 

the integral being extended to all the charges in the particle. Here the 
exponential operator applies only to the components of D and H ; it will, of 
coni'se, be expanded, and all but the earlier terms will be considered 
negligible. 

The following notation is convenient : — 

I dc SB e, J (*, y, x) de = (p„Py,p,), 

\ (®*. **. y*. «. «y) rfe = (?n, go. gss. ga*. gai, gu)- 

Here c is the algebraic total charge of the particle, px. Py, p, are the 
components of its electric polarisation, while the are analogous to moments 
and products of inertia and may be called the * second electric moments ’ of 
the particle. 

If wo assume that the second moments are so small as to be negligible 
we get 

F, - ic,^) 

Now the components of magnetisation aro defined by the 

relations 

and we note further that 

2 J (-C^, yii, *i) d« = (2n. g», g»), 

J 

xy-^ryd:)(h ^ -{qn,qsi,qa)-, 

hence \ni<^ — igw+Wi, \zy = igaa— m*. 

with other similar equalities. Accordingly 

F, = ^«+Pi^+P»^+p/^^(4irC*/+i/yy— 

+ terms involving time-fluxes of the ^’s. 

This formula is general. With a view to considering a purely magnetic 
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particle we may suppose that the total ehaige c is zero, and that there is no 
electric polarisation, so that the first term of F, is zero. 

Let us farther suppose that there is such permanence in the configuration 
or average configuration of electric charge in the particle that there is a set 
of axes (possibly rotating, provided the rotation be not extremely rapid), with 
O as origin, with respect to which the second electric moments are constant, or 
have constant average values. When this holds good the time-fluxes of the 
2’s are either zero or (for rotating axes) small of the same order of smallness 
as the j^s themselves, and so may be neglected. 

Thus, for a ptrrely magnetic particle. 



or, vectorially, 

D]. 

The tirst term of F is the ordinary formula for the force exerted on a- 
magnetic particloi regarded as a polarised combination of positive and 
negative magnetism, by a field of magnetic force. The second term is 
rather unexpected; it represents a mechanical force^ exerted on a magnet 
by a current of eethereal displacement, perpendicular to the current and 
to the magnetic moment, and proportional to the product of the two and 
the sine of the angle between them. If experimental evidence weie 
definitely against the existence of such a force the theory would be at fault. 
It might seem possible to test the matter by hanging a small magnet 
horizontally between the horizontal plates of a charged condenser and 
then effecting a non-oscillatory discharge of the condenser. If the upper 
plate were originally charged with positive electricity, the displacement 
current on discharge would be upwards, and on eastward impulse on the 
magnet might be looked for. But when it is remembered that the formula 
is in -terms of electromagnetic units it will be seen that the charge on the 
condenser required to impart sensible motion to the magnet would probably 
VOL. LXXXIX.— A. D 
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he enormously great. Thus an experimental test may well be out of the 
question.* 

With regard to the hypothesis of the exact or average constancy of the 
values of the second electric moments of a magnetic particle, it is to he 
remarked that exact permanence of configuration in a whirling distribution 
of electricity is to bo looked for only when the rotation is entirely about one 
axis round which the distribution is circularly symmetrical. This does not 
seem to be a probable state of affairs in a magnetic particle. On the 
other hand an average permanence of configuration may bo claimed to 
exist for quite a complicated system of orbital motions of separate electrons 
provided the geometrical configuration of the orbits be permanent. All 
that is required for permanence of the average electric configuration is 
that the time-average be taken for an interval of time which is great com- 
pared with all the periods that the various electrons take to describe their 
respective orbits, or, if one orbit be described by several electrons, the 
interval between successive recurrences of the same electric configuration 
in that orbit. If tlio velocities in the orbits are very great only a very 
minute interval of time need be taken in order to get constant time- 
averages. Ill the case of a magnetic particle possessing as a whole a 
rotatory motion of not very great rapidity the permanence of the time- 
averages of the second moments would be with respect to moving axes. 

It is indeed conceivable that the duration of any obtainablb displacement 
current might l>e too short to permit the substitution of time-averages for a 
more accurate tracing of the changes in the configuration of charge in a 
single particle; in the case, however, of a magnet made up of a large 
number of i)artiGlos any resultant effect would correspond to an average 
for all tlie pai'ticles, in which average the fortuitous character of the 
instantaneous circumstances for a single particle would be obliterated by 
force of uumWs and the probably quite irregular distribution of phase. 

Sir Joseph Larrnor, to whom the writer is indebted for suggestions and 
oriticisms, suggests as interesting the following aspect of the supplementary 
term in the above hypothetical expression for the force on a magnetic 
particle 

If a magnet were merely a whirling distribution of electricity then the 
forces acting on a region of it ought, like those on any other distribution of 
electricity, to be expressible as the result of a quasi-stress over the boundary 
•nd a quasi-momentum in the region. But the commonly assumed forces 

* Another possible difficulty is that the displacement current might alter the state of 
msgnetisation, so that m would be a function of 1> and D. In so far as this hM good 
the result would be uncertain. 
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on a medium of magnetic quality are not so expressible ;* consequently the 
force on a whirl of electricity is not completely expressed by the usual 
formula of magnetic type in terms of its equivalent magnetic moment. The 
addition of the above obtained subsidiary tenu of much smaller order is 
just what is needed to restore the possibility of a stress-momentum 
specification. The term being too small for any light to be thrown upon 
its existence by direct experiment, there is no i^eason for excluding it ; if 
we postulate the universality of the stress-momentum representation we 
must retain it. 

For the sake of completeness it may be mentioned that, to the degree of 
approximation above contemplated, the torque on a particle is 

[p, {47rc®D + [w,H]}] + [«i,H]-|-tcrms involving time-fluxes of the second 
. electric moments. 

The part of this applicable to a purely magnetic particle is the same as 
is got from ordinary magnetic theory. 

It is to be noted that the expressions here discussed refer only to the 
action of an external field on a particle. They do not include the action 
upon an electron of its own field or of the field due to other electrons 
belonging to the same particle. Tfuis radiation and electromagnetic inertia 
do not enter into the discussion. 


* lArmor, “Dynamical Theory, etc.,” ‘Phil. Trans.,* A, 1897, vol. 190, § 39. 
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On the Luminosity Curve of a Colour-blind Observer. 

By W. Watsoh, D.Sc., 1;\E.S., with an Appendix by Dr. F. W. Edwdgb-Gbbbn. 

(Received May 24, — Bead June 26, 1913.) 

In a recent paper communicated to the Society, the author gave the results 
of a long series of measurements which indicate that the luminosity curves of 
colour-blind persons can be deduced from the curve obtained by a person who 
has normal colour vision, by making the necessary allowance for their colour 
defect. In the discussion on this paper, Dr. Edridge-Green mentioned that 
he had made measurements by a flicker method of the luminosity for a colour- 
blind observer, and that he had found it to t^ree exactly with the normal.* 
This result being entirely opposed to the results obtained by the author, it 
seemed of great interest to investigate the matter further. This, owing to the 
kindness of Dr. Edridge-Green and the gentleman (Mr. C.), has been possible, 
as luminosity curves for Mr. C. and Dr. Edridge-Green have been obtained 
with the author’s apparatus, and in this note are given the results. 

The measurements obtained in the bright part of the spectrum, extending 
from the red to the bluish-green, are given in the following table ; — 


'Ware-length of 

Luminoffitj. 


Luminosity 

coloured liglit. 





Difference. 

caloulatod for 

A.U, 

Mr. C. 

Dr. £dridge*Gr«en. 


0*4 G.S. 

6090 

84 0 

76-8 

+ 8*6 

84*8 

0890 

101 O 

94 0 

+ 7*2 

99 0 

6800 

100 O 

99 -2 

+ 0*8 

100 O 

6660 

82-6 

vH *8 

-9*2 

86*5 

6410 

67*8 

74*6 ; 

-7*3 

67*0 

6270 

49*9 

68*0 

-8*1 

49 *2 

6140 

36 *4 

42*3 { 

1 -7 0 

1 

83 *7 


The numbers obtained by Dr. Edridge-Green are in good agreement with 
those of the majority of persons having normal colour vision. The only 
difference in his case is that his numbers in the blue and violet are some- 
what higher than the normal. This, as shown in the previous paper, is 
probably due to the macular pigmentation being rather less than the normal, 
which also accounts for his luminosity at wave-length 5800 A.U. being a little 
low. 

Mr. C.’s luminosity, on the other hand, is decidedly different from the 

* Dr. Edridge-Green baa been good enough to supply the particulars of the reeulU he 
has obtained, and these are given in Appendix I. 
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normal, the luminosity being high on the red side of 5800 and low on the 
blue side of this point. This is what one would expect if Mr. G. is partly 
green-blind, and in the last column of the table are given the values of 
the luminosity of a person who has only 0'4 of the normal green sensation 
obtained by the method described in the afore-mentioned paper. It will 
be observed that these calculated values agree very foirly with Mr. C.’s 
observed numbers ; in only one case, namely, at 5560 A.U., is the difference 
at all marked. This difference is probably entirely due to errors of observa- 
tion, Mr. C. never having used the apparatus before and only one series of 
measurements being taken. 

It thus appears that Mr. C. is not an exception and that hie case really 
supports the results given in the previous {wiicr. When Dr. Edridge-Green 
examined him red and green lights were compared, these lights being 
obtained by means of coloured glasses. No doubt in this way a fairly pure 
red was obtained. The green, on the other hand, would contain a con- 
siderable proportion of blue light. It is quite possible that this blue light 
affected the results, as in the case of most observers the results obtained 
with blue or violet light by the flicker method are very variable and depend 
enormously on the brightness of the light employeil. Further, the experi- 
mental error when a red is compared directly with a green, as in Dr. Edridge- 
Greou’s measurements, is very much greater than when either is compared 
with a white. Further it is to be remembered that in the case of persons 
having a deficiency in the green sensation the effect produced on the 
luminosity can only l)o small, as is shown in the curves given in the previous 
paper. Hence 1 think it quite possible that Dr. Edridge-Gi-een’s apparatus 
may not have been sufficiently sensitive to detect the difference between 
Mr. C.’s luminosity and the normal, particularly when, owing to the mixture 
of blue with the green, tlie effect to bo observed was probably partly masked 
by this blue. 

Appendix I. — Jtesulte of tlte Emminaiion of Mr. C. hy Dr. Jidiidye-Green. 

Colour Perception Speetrorntn . — Light, petroleum, 180 metre-candles. 
Eye light-adapted. 

Saw two colours in brilliant spectrum, yellow and blue with grey interval 
between. Red appeared as a darker yellow. Neutral area, 5013-5040. 
Area of greatest luminosity, 6656-6319. 
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Monochromatic Dengnation of 

regioDt, legion by him. 

754 -521 '5 Yellow. 

521' 5-508 Green or grey. 

508 -501‘3 Green or grey. 

501‘3-492 Blue-green. 

492 -483 Green-blue. 

483 -417 Blue. 

Saw Huioll area of light 549-561 to same point of extinction as 1 did. 

LttiUcrn Tent. — Testcil with largo aperture, £ inch in diameter, from a 
distance of 20 feet. Called neutral, green ; red, yellow and green ; green, 
yellow, orange and red ; and yellow, red and green. Hecognised small ^Ktints 
of coloured light on convex mirror from the same distance as I did, but could 
not tell their colours. 

Bead Ted, — Put red, orange, pink and brown in red division ; orange, pink, 
and white in yellow division ; green, coral, pink, brown and grey in green 
division ; and blue and purple in blue division. 

Bayleigh Equation (0 being full re<l, 25 full green). — Made a match at 
1 7'7 and 18. Said my match 15 was not correct, the mixed colour appearing 
to him darker and greener. 

A Com'pai'ison of Bed ami Green by Flicker Method. — The luminosities of a 
red and a green glass were compared with the Siiumauce-Abady photometer. 
The red glass transmitted rays 780-627 and feebly fi’om 627 to 617. The 
green transmitted rays very imperfectly 605-575 and better the remainder of 
the spectrum 575-424. The hlamcnt of an osram incandescent light cannot 
be seen through both glasses combined. His ratio was 4‘1 R/G for two 
consecutive observations, my ratio was 4‘1 E/G. 
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Phosphorescence of Mercury Vapour after Removal of the 
Exciting Light. 

By F. S. Philups. 

(Communicated by the Hon. R. J. Strutt, P.R.S. Received Juno 10, — 

Read June 26, 1913.) 

[Plate 4.] 

§ 1 . Ititrotluctmi. 

By means of BccquerePs pliosphoroscope the fluorescence of solids has 
been shown to be persistent, but up to the present phosphorescence in the case 
of liquids and gases has not been observed. That of solids has generally been 
explained as duo to chemical reactions brought about by impurities, while in 
the case of gases it has boon considered that damped vibrations oi the rapidity 
of those connected with light could not bo conceived as persisting for a 
sufficiently long time for the necessary observations to be made. On the 
other hand, because of their relative simplicity, gases and vapours have been 
recognised as being eminently suitable for the study of fluorescence and 
kindred phenomena. Wood has applietl the phosphoroscope to the case of 
sodium vapour, with however a negative result. 

In the present experiment I have attacked the problem in a difTerent way. 
The method used w^as to pass a l)eam of the exciting light transversely across 
a rapidly moving column of mercury vapour, obtained hy distillation in vacuo. 
Then if the fluorescence of the vapour persists the luminosity should be carrieil 
along with the stream. The fluorescence was excited by 2536 light which 
was obtained by means of a quartz mercury lamp. Under suitable conditions 
the vapour could be seen to bo still fluorescing, after it had passed a distance 
of some 18 inches from the point of excitation. 

The fluorescence of mercury vapour was first observed hy Hartley,* it has 
been further investigated by Wood.f The latter obtained the spectrum of 
the fluorescence excited by the light derived from the cadmium spark, and 
found tliat it was mainly continuous, but that under certain conditions the 
2536 mercury line made its appearance. Wood has shown in a later paper^ 
that 2633 light produces resonant radiation even when the mercury vapour 
has only the very small density corresponding to ordinary temperatures. 
Under these circumstances the exciting radiation could penetrate a distance 

♦ ' Roy. Soc. Proc.,' 1906, vol. 76, p. 428. 

t * Phil Mag.,* Augoat, 1909. 

I 'Phil. Mag.,* May, 1912. 
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of a few centiinclres into the vapour, without total absorption taking place, 
Lut if the te,iuperaturc was higher and tlie vapour coiiflequently denser, the 
radiation could only penetrate a few millimetres. 

§ 2. Ptelimimry Experiments, 

Wood does not appear to have stated that this 2536 light produces visible 
fluorescence in mercury vapour. This, however, is the case and it is excited 
at a much lower pressure than when cadmium light is used. This latter fact 
is of great importance, in making possible the present method of showing the 
phosphorescence. 

The fluorescence may be easily shown in a small exhausted quartz bulb 
containing a globule of mercury. If the bulb is uniformly heated to some 
350° C., and then while cooling a concentrated beam of 2536 light is passed 
through it, the following interesting changes take place. At the highest 
temperature the vapour does not show any appreciable fluorescence, but as 
the bulb cools, the track of the beam gradually becomes illuminated with a 
bluish-green light. The fluorescence may conveniently be divided into two 
parts, that along the main track of the beam and the portion that extends 
for about 1 mm. from the place where the beam enters the bulb. At an 
early stage in the cooling the former reaches its maximum, and then begins 
to decrease in intensity. But the spot of fluorescence at the commencement 
of the beam does not begin to decrease in brightness until all the rest has 
disappeared. It then gradually fades away, and before the bulb reaches the 
temperature of the room all fluorescence has disappeared. 

I'here are apparently three distinct phenomena excited by 2536 light in 
mercury vapour: — 

(1) Resonant radiation, that exists over a long range of pressure from 
about one thousandth part of a millimetre to about 1 cm. 

(2) Ordinary fluorescence, which does not rapidly grow less bright as 
the beam passes througli the vapour ; this exists when the pressure of the 
mercury vapour is about 1 cm. ; and 

(3) Local fluorescence at the point of entrance of the beam, that exists at 
much lower pressures than the ordinary fluorescence, but not at th^ very 
low pressure corresponding to ordinary temperature. It is this local 
fluorescence that has been found to be persistent. 

A roughly made quartz monochromator was used in conjunction with 
the mercury lamp, and in order to obtain as much light as possible the slit 
of the monochromator was arranged so that it was horizontal and parallel 
to the luminous tube of the lamp. A Westinghouse Cooper-Hewitt lamp 
made of fused quartz was used in these experiments. Wood had previously 
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found that when such a lamp became hot it lost its efficiency fur producing 
resonant radiation in about five seconds after starting. The heating up of 
tlie lamp similarly affected the excitation of the persistent fluorescence, 
but in this case the falling off of intensity was not as rapid as that of the 
resonant radiation, yet after the lapse of one minute the effect was many 
times less powerful than at first. This trouble was entirely overcome by 
water-cooling the lamp, both the resonant radiation and the fluorescence 
being as good after an hour’s run as when the lamp was first lit. 

The reason for the hot lamp being less effective than the cold one has 
been pointed out by Wood. It is illustrated in fig. 1, Plato 4. This shows 
the spectra of the lamp when hot and when cold. The 2536 line in the hot 
lamp is unsymmetrically broadened and shows a magnificent reversal, while 
the same line in the cold lamp can be obtained as sharp as desired even in 
the sixth order of a Kowland grating. The upper spectrum shows the 
2536 line as produced by the cooled lamp, while the lower one was obtained 
with the lamp hot, as it is oi-dinarily used. The symmetrical lines in this 
latter spectrum are ghosts. 

Both the resonant radiation and the persistent fluorescence were excited 
by no mercury lines other than the 2536 line. Since the resonant radiation 
disappears as soon as the line broadens and becomes reversed, Wood inferred 
that it is only stimulated by radiations within very narrow limits of wave- 
length. The limits of wave-length that excite the persistent fluorescence 
are also very narrow, although possibly not quite so restricted as those that 
produce resonant radiation. There seems to be some connection between 
the two effects. 

The cooling of the lamp was brought about by allowing water to run 
freely over both poles, while the tube between had a water-jacket half way 
round it. In this way only the portion of the lamp adjacent to the slit of 
the monochromator was not in contact with a cold surface. This portion 
became just sufficiently hot to prevent condensation taking place there. 
The spectra in fig. 1 were photographed with a 10-foot Itowland grating, the 
fourth order being utilised. The line marked by a dot in the photogranh is 
a third order line at 3391 A.U. 

§ 3. Peniattnce of the JAmiiurnty. 

The form of the silica tube used to obtain the moving column of mercury 
vapour is shown in the dii^ram. After a convenient quantity of pure 
mercury had been placed in it, the tube was exhausted and sealed off. The 
mercury placed at the banning of an experiment in B was heated by means 
of a small electrio heater, while the bulb C and part of the tube was kept in 
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cold water. With this arrangement the mercury completely distilled over 
in about 90 minutes. The beam of ultra-violet light passed across the tube 

at the point A, its direction being indicated 
in the diagram by an arrow. A screen was 
so placed as to prevent any light reaching 
flirectly the cold limb of the tube. When 
the beam was pasBe<l across while the 
whole apparatus was cold the resonant 
radiation extended the width of the tube, 
but as soon as the bulb B was heated and 
the mercury began to distil over, the 
radiation became concentrate*! at the point 
where the beam entered. This resonant 
ratliation was quite bright enough to be 
viewed by means of a camera with a quarts 
lens, using a piece of uranium glass as a 
screen. • 

A stream of green fluorescent light, 
originating from the concentrated patch of 
resonant ladiation, passed round the tube 
with the tlistilling mercury vapour. A pliotograph of the tube under these 
conditions has been reproduced on Plate 4, fig. 2. This photograph was 
obtained by means of an ordinary camera, so that it does not show the 
resonant radiation, which, though of course invisible, was really more 
intense than the green fluorescence. The silica itself also fluoresced with a 
hluish-violet colour under the influence of the ultra-violet light. The effect 
of this has been reduced to some extent by taking the photograph through a 
yellow screen. Since the fluorescence of the mercury vapour is green (the 
region of minimum sensitiveness of the photographic plate), this operation 
was somewhat difficult, and the resulting photograph is not a good reproduction 
of the actual effect. However, it shows plainly that the stream of fluorescence 
jwsses up the tube from the point of excitation, while none passes downwards. 

In the actual experiment the fluorescence clearly showed the stream-lines 
of the vapour passing through the patch of resonant radiation. The glow 
passed up the hot limb of the tube as an attenuated band, but gradually 
spread out and filled the whole tube as it passed into the other limb. Its 
course could be traced for about 18 inches, this was as long a path as it could 
bo made to take in the particular tube used. Further investigation on this 
point will be made with the ides of determining the length of time for 
which the fluorescence will persist. 
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The spectruni of the fluoresoenoe carried over was obtained by means ot 
a small quartz spectrograph at a point some distance down the cold limb ot 
the tube. It was found to be similar in character to the spectrum obtained 
by Wood for the fluorescence stimulated by cadmium light But, instead of 
the two bands of continuous spectrum that Wood obtained, there were four. 
The 2536 line itself appeared in the fluorescent spectrum A, which is the upper 
one of the two reproduced in fig. 3 of Plate 4. The lower one was obtained 
under similar conditions except that a piece of glass was placed in the direct 
path of the beam, so causing the fluorescence to cease. In this way it was 
shown that all the lines in the upper spectrum, except the 2636 line, were 
due to stray light. This was deduced from the fact that in the original 
negative the three lines in tho part of the spectrum, to which gloss is trans- 
parent, were equally intense in both spectra. 

This experiment also suggests a method of solving a problem raised by 
Wood,* in his paper on resonance radiation of mercury vajraur. He attempts 
to discover tho mechanism of the secondary resonance radiation, which 
surrounds tho beam of primary radiation under conditions of low pressure of 
the accompanying air. The mercury vapour itself was of coarse at very low 
pressure, being kept at ordinary temperatures. The secondary radiation may 
be due, as Wood pointed out, to one or both of two causes: (1) the light 
from the primary l^eam exciting the secondary radiation, or (2) the molecules 
of mercury diflhsing from the primary beam and being still active, exhibiting 
the radiation in the neighbourhood of the beam. A thin screen of quartz 
was used by Wood in his attempt to separate the two effects. Such a screen 
would allow the light, but nut the molecules, to pass through. The experi- 
ment was only conclusive iu as far as it showed that the greater portion of 
the effect was due to the action of the light radiated from the primary 
beam. Wood thought it impossible to obtain a screen that would cut off the 
light and yet would allow the molecules to pass. In effect a moving column 
of vapour, such as is used in the present experiment, achieves the desired 
object. 

Certain observations during the course of the experiment seem to rhow 
that about one-twentieth of the secondary radiation in Wood’s experiment 
was probably due to moving molecules. The rest of the radiation would be 
produced by scattereddight from the primary beam. 

§ 4. Other Experimenta. 

Besides mercury the vapours of such substances as iodine, anthraoene, and 
retene were experimented with, in order to ascertain whether the fluorescence 

* ‘Phil. Mag.,’ May, leiS. 
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of tho vapours persisted. An attempt was also made to obtain tbe same 
effect in the ease of the fluorescence of mercury vapour excited hgr cadmiiun 
light In all oases so far investigated, negative reeulte have been obtained. 
This is probably due to the fact that the fluorescence does not occur at 
a sufficiently low pressure to make the method feasible. 


§&. Sunmary, 

(1) The .paper describes how phosphorescence of a vapour has bemi fw the 
first time observed. The method consists in passing a beam of the exciting 
light across a moving column of the vapour. If the fluorescence of the 
vapour persists it will be carried along with the stream. 

(2) The vapour chosen was that of mercury and the exciting light was the 
2685 mercury line, obtained by means of a wateivoooled silica lamp. This 
light caused mercury vapour to fluoresce at a very low pressure. 

(3) The moving column of mercury vapour was obtained by distilling 
mercury in an evacuated tube. When a beam of 2536 light was passed 
across the moving column the fluorescence was carried along with the vapour. 

The fluorescence of some other vapours was also investigated, in order 
to ascertain whether in any case it was persistent, but no positive results 
were obtained. 

In conclusion I have very great pleasure in thanking Prof, the Hon. B. J. 
Strutt, F.R.S., for his kind interest and help during the course of this 
research. It was at his suggestion that these experiments on the optical 
properties of mercury vapour were carried out. 

I have also to thank Prof. Fowler, F.RS., for kindly permitting me the use 
of the instruments mounted in the Speotrosoopio Laboratory of the Imperial 
College of Science and Technology. 

DESCRIPTION OF PLATE. 

Fig. 1.— Showing the'revei'sal o( the S&36 line in the hot mercury lamp. 

Fig. 3.— Showing phoiphoreecenoe of mercury vapour. 

Fig. 3.— A. Spectrum of phoephoresoence. 


Roy. Hoc. Pror., A, vol. 89, Plate 1. 
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The Fluet/wUion in the Ionisation due to yBays. 

By P. W. Bcmsmai, M.So., Government Beeearch end Jacob Joaeph Scholar, 
Victoria College, Wellington, New Zealand. 

(Commnnicated by Sir J. Larmor, F.B.S. Received April 21, — Read 

Jane 26, 1913.) 

The work to be here oonridered is a continuation a previous investigation 
by Prof. Lal^ and the present author,* in which the existence of fluctuations 
in the uaiisation due to 7-tays from radium was demonstrated. In the 
present paper the quantitative measurement of this fluctuation is described, 
and its relation to the theory of T-iays investigated. 

At the present time two theories exist for the explanation of the Riintgen 
and T-iays (the two radiations 'exhibit so many properties in common that 
they are regarded as phenomena difibring only in degree), viz., the pulse and 
entity theories. According to the former, the rays are conceived as pro* 
pagated from the source, with a continuous wave front, while the latter 
theory includes the corpuscular form of Bragg, the pulse in a ttrbe of force, 
or bundle, theory of Sir J. J. Thomson, and the quantum form postulated by 
Planck and Stark. In any of these last theories the disturbance has a dis- 
continuous wave front and is propagated from the source along a straight line. 

Since both Rdntgen and 7-rays show many points of resemblance, on the 
one band, to «- and /S-rays, and, on the other, to light, it becomes of import- 
ance to investigate their exact nature. More especially is this so in view of 
the connection that has been recently demonstrated between X-rays and light 
in the phenomena of fluorescence, reflection, and possibly of difi);wtion. 

The possibility of discriminating between the two theories mentioned above 
by measuring the fluctuation in the ionisation due to 7-rays was pointed out 
by Prof. Labyt and by von Schweidler^ and the experiments here described 
determine how the fluctuation varies with the ionisation : — 

(1) When the solid angle of the rays used is vailed. 

(2) When the gas used in the ionisation vessel is changed. 

The absolute fluctuation in the number of ions formed per second in the 

* T. H. Laby and P. VT. BurUdgs^ * Boy. Soc.' Proc.,’ 1012, vol. 86^ fk 338. 

f la an i^plioation made, in 1808, to tbe Royal Sodsty for a grant towaida the 
Nssaroh, 

{ £. VM Schweidler, 'Phya Zeit,’ 1910^ voL 11, p. 886.'' 
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ioniflation vesHel, i,€,, A, has been evaluated by means of the relation 
established by Dr. N. K. Campbell* : — 

A^ = 2a^C/«VIl. 

wliere P is the mean square deviation in millimetres of the image of the 
fibre of the electrometer used from its mean position, C is the capacity of the 
system in centimetres, It is the resistance in E.S.U. between the fibre, etc., 
and the eitrthed surroundings, s is the sensitiveness measured in niillimetreB 
Yier E.S.U. of voltage, e is the elementarj' chai*g(* in KS.U. on an ion. 

The present communication contains: — 

(1) A note on the exi>orimental arrangements. 

(2) An account of tlie method of evaluating A^, involving the measurement 

of E, and s. 

(3) A discuHsion of the results in the light of the tlieory develoi)ed. 

(4) A criticism of some I'esults on the same subject obtained by Dr. Edgar 

Meyer, of Aachen. 

As those experiments will be continued the theory of them is only very 
briefly discussed iu this communication. 

Experimeninf A rrawjem cn /.s. 

Most of the apjiaratus used in this W'ork has already been de8criij6d,t the 
essential parts, the electrometer and the ionisation vessel, J being the same as 
were used before. Tt was found necessary to make several alterations and 
additions. The general scheme is shown in fig. 1. 

A Bronson resistance was connected to the fibre of the electrometer. Some 
conductor, by which charges acquired by the central electrode of the ionisation 
vessel can leak away, is essential to enable the iliictuation to be evaluated. 
This previously existed in the insulation leak, which arises from the radium 
acting on the air surrounding the wire connecting the central electrode to the 
electrometer. A Bronson resistance was added as an additional conductor in 
order that the lesistance li might not vary iiivemely as the ionisation in the 
can. The resistance consisted of two brass plates, the lower being coated with 
black uranium oxide, and the upper being connected to the fibre of the 
electrometer and air- insulated (see fig. 2). The i-esistance so obtained was of 
the order of 10'* ohms, and the fluctuations arising from its introduction, 

♦ N. R Campbell, 'Camb. Phil. Soc. Proc.,* 1909, Vol. 15, p. 117 ; 1910, vol. 15, p. 310 ; 
and *Phys. Zeit.,’ 1910, vol. 11| p. 826. 

f Laby and Burbidge (loc, cit,). Compare figa. 1, 4, 6, 7 in this earlier paper. 

I The ionisation vessel had top and bottom of 2 mm. braBS, sides of 0*3 mip. tin-plate, 
back and front and fittings of 0*6 mm. aluminium. 
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as shown in the photographic records, were small enough to be quite 
negligible. 




The Source of The screen surrounding the 5 mgrm. of radium was 

increased so as to cut ofT all fi-rsys. As determined experimentsllj the 
thickness for this was 3*8 mm. of aluminium; the equivalent thickness 
actually used was 4*1 mm., a thickness through which, calculating on the 
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exponential law of absorption, only 0*5 per cent, of the fastest /8*rays could 
penetrate, 

Tht ph<^iogTapliic recordiruj apparatus was modified somewhat by the use of 
an extension to the bellows of the camera so that the movement of the fibre 
in the direction of the optic axis was not so detrimental to the sharp focus of 
the image, and by improvements to secure a uniform motion of the 
photographic film, as shown in fig. 3. 




Fio. 3.— Diiviiig muchaiiiMiu for photographic film. A. Weight to keep film in teiiHiun. 
B. Weight giving constant roHistani'e. Kubber i*o]ler raund which film passeft, 
driven thi’ongh reduction geaiiug by A.C. motor. 


Mcfimreweni of the Fhictuatiou, 

The i^'lation = 2S®0/cVR is true provided that the logarithmic 
decrement of the motion of the fibre is large compared to I/RC ; this 
condition is amply fulfilled by the string electrometer used, 

Since e and C ore constant under the conditions used, in considering the 
variation of A®, the corrections I/R and I/s^ alone enter. The justification of 
the latter is obvious, but the former has been called in question and been 
proved not to hold for the (quadrant electrometer.* For the gold leaf 
electroscope, t however, the correction has been justified and applies probably 
even more exactly in the case of the string electrometer. The evaluation of 

* E. Meyer, ‘Phy«. Zeit./ 1012, vol. 13, p. 7a 
t Campbell, 'Canib. Phil. Soc. Froc./ 1910, vol. 15, p. 310. 
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IS? from .this expression requires the values of s, and ? to be known. These 
were determined as follows : — 

B was measured by finding the time required for a charge to leak 
through it 

Consider the theory of such a leak. If Y =s the mean potential on the 
central system in an interval of St units ; K the mean current through B ; 
SQ =: the quantity discharged in the infinitesimal time Sf ; SV s the fall in 
potential thus produced ; and C = capacity of system (36 cm.) then 

E a: V/K = YBt/BQ = YBtJGiv. 

The measurement consists in observing the time of leak (S/) of a charge 
over a given range (SV) of poteutiah about a known mean potential, V. In 
the observations made, V = 0’14 volt and SV = 0*01 (cJ) on either side. 

The accuracy of the method was verified by a measuiement of the 
Bronson resistance alone, first, by allowing the charge to leak from the top 
plate to earth, and then by charging up the top plate through the application 
of a potential to the lower plate. The two methods gave concordant results. 

s, the sensitiveness, was recorded by means of the potentiometer (fig. 1) 
on the films (see tig. 4) ; from these it was read in millimetres per volt. 

P , — The main part of each experimental observation consisted in obtaining 
photographic records of the variation in the potential (as shown by the 
fibre of the electrometer) of the central electrode. For this purpose the 
small contact potential of the Bronson resistance was first neutralised by 
the application of an equal and opposite potential to the lower plate, an<l 
then the tube containing the 6 mgrm. of radium used was adjusted 
symmetrically to the two compartments of the ionisation vessel (see fig. 1). 
Equal and opposite potentials of 200 volts were applied to the two plates 
— one in each compartment of the vessel — and the ionisations in the gas in 
these compartments finally adjusted to exact equality by means of a lea<l 
screen moved across the front of one. This adjustment was shown when the 
fibre, viewed from time to time for about 10 minutes, though varying 
continually in its reading, had its mean position approximately coincident 
with the zero. The saturation current, with the Bronson resistance in 
(which introduced no error), was then determined ; this gave the ionisation, 
and, after the sensitiveness bad been adjusted and the photographic 
apparatus placed in position, the film was set in motion for obtaining the 


* Measured by method of “mixtures” using standard cylindrical condenser with a 
capacity 28*4 E.S.U. 

VOL. LXXXIX.— A, 
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record. The order of events in taking each record (compare fig. 4), was as 
follows : — 

Sensitiveness recorded. 

Fibre earthed. 

Fibre isolated (radium present) for 20 minutes. 

Fibre earthed. 

Sensitiveness recorded. 

Fibre isolated (radium absent). 

After the completion of the photographic record, the radium was replaced 
in position, and the resistance B determined as stated above. 

A typical entry of an obseiwation, film No. 68, reads as follows : — 


Date, 16.10.12. Fibre tension in arbitrary units, 71*5. 
Screen A (see below). 


Gas. 

Distauce 
of Ba 
(cm). 

Can 

plates 

^oUrt). 

Electro- 

motor 

plates 

(volts). 

Total i 

rcirtanco 
(olirn.), ..f.. R. 

Ionisation. 

CO, 

17*3 

+ 200 
-200 

! +12 
-12 

1 

l()0xl0*> . 0*12 

! 

4 00 Yolts in 18 ‘7, 18 *8, 
18 *8, and 10 *0 ; mean, 

18 ‘8 sec. 0 *21 ToU/seo. 


For the evaluation of on the film, the section of it recording the 
fluctuation was divided into several lengths, usually seven, by the timing 
signals, and the mean position of the fibre in each determined by the use of 
a planimeter working from an arbitrary base line. The mean line for the 
seven points representing these mean positions was then calculated by a 
least squares method, and its position ruled on the film. By using a glass 
scale, about 120 readings of the deviation of the fibre from this mean line 
were taken. The mean square of these readings, was then calculated. 

Results, 

The following table gives the results of the work to date ; many other 
records have been taken but owing to ignorance of the exact conditions 
required for evaluation, the records are of little iiiunediato value. 

In this table, the screen A is that previously mentioned— 3*6 mm. of 
aluminium, 0*5 mm. of glass and part of the adjustable 2 mm. lead screen. 
The italicised values for the total resistance in ohms in the table have been 
calculated from fairly accurate measurements of the Bronson resistance, and 

K 2 
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Table L 


No. 

Distance 
of Ra, 
in cm. 

Oai 

in 

can. 

Sensitive- 
neu, in 
inu./Tolt. 

Screen. 

Besistanoe, 
in ohms. 

louisation, 

in 

Tolta/teo. 

Fluctua- 

tion 

observed, 
in mm.*. 

Fluctuation 

absolute. 

61 


CO. 

462 

A 

0-55xl0** 

1*64 

7*8 

8a-oxio>< 

62 

17 

II 

888 

.. 

0*90 

0*23 

1*2 

8 0 

66 

1 2 

Air 

408 


0*50 

0*93 

4*3 1 

16 *0 

66 

1 17 

II 

212 { 

1* 

0*95 

0*14 

0'21 

1*6 

67 

2 

COa 

440 


0*64 

1*39 

\ 0*6 1 

26*0 

68 

17 

II 

847 


1*06 

0*21 

1-7 

4*4 

69 

2 

Ha 

492 


0*81 

0*17 

0*50 1 

0 *6 

70 

2 

1 

Coal 

gw 

897 1 

! 

II 

1 

0*69 

i 

0*60 

i 

2*6 1 

1 

7*8 

1 

1 


a kiiowledf^e (gained frotii later meamireiiientH) of the leak in the ioriiHation 
veHHel and the earth-Rhielded coiinectioiiR, due to the action of the radium in 
two positionH used ; the most doubtful value is that fur Film 66. The last 
four values are more accurate, being directly measured as described above. 
The values of the ionisation were taken with the Bronson resistance in, as 
experiments showed that the ratio of the values in any two so taken was 
(within c, 2 i»er cent.) the same as the ratio when the Bronson was not in. 
The last column gives the absolute fluctuation, evaluated by means of tlio 
formula given above. The distance uf the radium is given from the front 
end of the ionisation vessel. The italicised values of the observed 
fluctuation have been corrected for the spurious fluctuation in those 
experiments. 

The above table gives the results tabulated in the order they were 
obtained, and they illustrate the effect of varying the distance of the radium 
from the ionisation vessel, and varying the gas contained in the vessel. The 
expressions connecting the fluctuation and the itaiisation derived by 
Campbell* and von Schweidlerf have been investigated with the object of 
deducing what relations are to he expected under given experimental con- 
ditions ; and the results of this examination, together with the theoi^ and 
assumptions on which they are based, are given in the following table. A 
full discussion of the theory is not given here for the reasons stated in the 
introduction. 

Table II provides the required Uieoretical relations between the fluctua- 
tion and the ionisation under the experimental conditions used. It remains 
to be seen how the experimental results can be elucidated in this way. In 

* Campbell, loe. cit 

t £. von Schweidler, loe, eit.^ and ‘ Phya. Zeit.,' 1910, voL 11, p. 614. 
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Table II.* — Belation between the lonisatiou and Fluctuation for varying 

ConditionH. 


Experiment. 


Theory and aisumptiona. 

(a) Solid angle of rays 
varied 

ii/i, (1) 

Entity theory ; number of 3 -ray« per y-ray in 
iomaatiou vesael and a, number of ions per 
i8*ray, are art«timed to be independent of distance 
of radium from ionisation vessel. 


I|W (2) 

Pulse theory ; number of S-rays formed per 7-ray 
in ionisation vessel, and the total number 
throuebout " life " of 7-ray, are both assumed 
to be largo compared to 1. 

(A) G-os varied 

(8) 

Entity theory; number of / 9 - rays formed in ioni- 
sation vessel per 7-ray assumed to vary with 
gtts and to be ‘ ' small.'* 



Entity theoiy ; number of j9-rays formed in ioni- 
BHtiuu vessel per 7-rtty assumed to vary with 
guA, but is not “ small.” 


TiW (0) 

1 

Pulse theory ; same energy required to form S-ray 
in any gas, number of 8-rays formed per y-ray, 
and the total number throughout ^'Ufo*' of 
7-rny assumed to be ” large.” 


Table III some of the results are retabulated m as to show the effect on the 
fluctuation of varying the solid angle of the rays used. 


(1) of IHstanae of JRadium.-^ 

Table III. 


No. 

Gas. 

Distance 
of radium, 
in om. 

Fluctuation 

(absolute). 

Ratio of 
fluctuations. 

Ionisation, 

in 

volte/sec. 

Ratio of 
ionisations. 

61 

62 

CO5 

2 

17 

23 •0*10"’] 
8*0 J 


7.7 

1-641 

0’28J 


6-7 

66 

66 

Air 

2 

17 

u-o 1 

IB J 


9*3 

0-93] 

014J 


6-7 

67 

COj 

2 

26 0 


6*9 

1*89 

. 

6-6 

68 


17 

4-4 J 


0 21 J 

r 




Mean .... 


7 0 

Mean 


6*7 


The above figures indicate that oc I ; the difference between Ii/Ia and 
Ii*/l 2 * is large, and the mean value of the fluctuation ratio, 7*6, is sufficiently 

** The suffixes denote the variation of the quantities with the variation of the solid 
angle of rays or of the gas ionised. In view of the photographic evidence of C. T. "BL Wilson 
(' Boy. Soc. Froc.,' 1912, A, vol. 87, p. 277), tWirsef ionisation alone is considered. Campbell 
(* Phys, Zeit,’ loe, cut.) has deduced the relations holding for direct ionisation ; they are at 
variance with our experimental results. 




54 


Mr. P. W, Burbidge. 


cloRe to the mean value of the ionisation ratio, 6*7, to permit of easy dis- 
tinction between relations (1) and (2) of Table II. The observations support 
(1) and consequently the entity theoiy of y-rays. 


(2) Effect of the Goa . — 

Table IV. 


No. 

Distance of 
Ra, 
in cm. 

Fluctuation 

(absolute). 

A. 

Ratio of 
fluctuations. 

Ionisation, 
in Tolts/seo. 

B. 

Ratio of 
ionisation. 



Carbon Dioxide and Air 



«1 

2 

28*01 

1 ‘6 

1*641 

1-6 

66 

2 

16 •OJ 

1 0 

0*93/ 

67 

2 

26 01 

1 *7 

1-391 

1*6 

66 

2 

16-0/ 


0*93/ 

62 

17 

3*01 

2 0 

0*231 

1 7 

66 

17 

1-6/ 

0-14/ 

68 

17 

4M1 

2-0 

0*2l\ 

1 6 

06 

17 

16/ 

0-14/ 



Mean ... 

2*0 

1 Mean 

1 *6 



Carbon I>ioxide and Coal Gas. 


61 

70 

2 

2 

23-01 

7-8; 

3*0 

1*64\ 

0 60/ 

2*6 

67 

2 

26 01 

3*3 

i-sei 

1 2*3 

70 

2 

7 8]- 

0 -60 / 



1 Mean . 

3*1 

Mean ... 

2*4 



Air and Coal Gas, 



65 

2 

16 01 

i-o 

0*931 

1*6 

70 

2 

7 sj- 

0-00/ 


Tlie means in the variouH expevimentH show that the ratio of the fluctua- 
tions is roughly equal to the ratio of the iouisationa, but is consistently 
larger by aboiit the same fracticui in eacli case, e.g. A/B for the three jiairs 
of gases lias the values 1*25, 1*29, 1*19.* 

Tlie value of the fluctuation obviously differs greatly from that given by 
the expression A^oc P, and thus relation (5) in Table II, based on the pulse 

* The retuilt for hydrogen is not considered in this table ; the values it gives for the 
ratio of the fluctuatioua agree more nearly with the relation ^ a 1^, but the degree of 
agreement varies widely according to the gas taken for comparison. Since the value of 
the fluctuation for it is the smallest, consequently constant en^rs of evaluation wotdd 
have most effect, and, further, since the coal-gas used contains probably 40 per cent, of 
hydrogen and shows no such marked departure, it was considered that conflrmatioii of 
the result was needed before reliance could be placed upon it in deducing theoretical 
relations. 
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theory^ does not hold. To dintiiigiUBh between the remaining relations, 
(3) and (4) — both derived from the entity theory — requires a knowledge of 
the variation for the gases used of the number of ions formed in the 
vessel per /8-ray, while only the ratio of the ionisation is known. 

In both sets of exi)eviinentH, then, the evidence, though not finally cou- 
clusive o!i account of insufticient data, sujiports decisively the entity theory 
of 7-ray8. 

The result is of interest, as recent ex}>Griiueut8 tend to demonstrate that 
7-ray 8, X-rays and light are but tyixiH of the same phenomena. If 
0X|>erimeTit8 now lieing conducted confirm the alxjvo result, an entity theory 
of light seems a necessary corisetiuence.* 

Dr, Meyer's Results. 

Since the results obtained above do not agree with those of Dr. E. Meyer, 
of Aaclicn, who has been investigating 7-raya by sornewliat similar methods, 
it is of interest to consider briefly his publisbexl results. 

In a previous i»ai)er,t Dr. Meyer’s earliest workj on this subject was 
criticised in certain rcsi>ects ; Campbell§ has also advanced some criticism 
on other jioints, and the second publication by Dr. Meyerll is an experimental 

* [This theoretiral part of the pafMsr is critidsod by a referee aa follows : — 

“/n the firH pUwe, the particular form of pulse theory which is compared with the 
entity theory is nut one which is likely to be maintained. It is aHsnniod that on this 
pulse theory the number of /S-rays made by one y-ray in the ionisation chamber is not 
small, and is larger than the numlier would be on an entity theory. A pulse theory, 
seriously rivalling the entity theory, must suppose the number of jS-rays made by 
one y-ray in the ionisation chamber to be very small ; and where this is done, such 
experiments as are made here cannot distinguish between them. The fluctuatiuns duo to 
variation in the number of y-rays entering the chamlier are masked by the fluctuation 
due to variation in the nuiiilier of )3-rays made by each y-ray. 

In the ecrond when tlie gas is varied, ought to vary as P on either the pulse 

or entity theory. It is now dearly established that the ionisation in such a-vessol os was 
used is due to /S-rays from the walls. The fluctuations cannot depend on how those were 
produced, but only on the number of them, and this must be the same on either theory. 
In foot, », the 11 urn tier of ions due to a iS-ray, is proportional to the whole current ; and 
thus pi Table TF (3) is proportional to 1|*^ or to This has been overlooked in the 
endeavour to establish a basis of experimental com^iarison of the two theories. 

“ Such experiments as are descrilied in this paper are unable to decide l>etween the rival 
theories. In this respect the author has made no advance on Meyer's work ; but ttie 
criticism of that work is proliably just. The fact that the piesent results can bo 
interpreted in absolute measure, and shown to be of the order expected, gives them a 
weight much greater than previous experiments.”] 

t Laby and Biirbidge, loo. dt. 

J E, Meyer, ‘ Berliner Berichte,' 1010, vol. 32, p, 647. 

§ Campbell, ‘Phys. Zeit,* loo. eit. 

II E. Meyer, ‘Phya Zeit.,' 1912, vol. 13, p. 73. 
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refutation of Campbell’s oriticisni of the method used for measuring the 
resistance B, between the electrometer needle and its earthed surroundings. 
No account is taken by Meyer of the point raised by CampbelL and von 
Sohweidler (loc. cit.) that the experiments, with the theory as then developed 
and used by iiim, afforded no decisive distinction between the entity and the 
continuous pulse theories. In a third publication,* the .results of the previous 
work are taken as established, and new experiments made to ascertain if, in 
an ionisation vessel consisting of two similar compartments, there is any 
connection between the ionisation in the two sides. His results lead him to 
assert a connection, but the work seems open to criticism on the following 
grounds : — 

(1) With the extreme sensitiveness of the electrometer used (10,000 mm. 
per volt) and the small fluctuations observed (2 — 14 mm.), due evidence is 
not given for the accuracy claimed. 

(2) It is not clear that the test given by Meyer for spurious fluctuations 
included the Bronson resistance used ; the experimental conditions would 
appear to prohibit this. It is known that the currents in such resistances 
fluctuate, and since the conductivity of the resistance used by Meyer is 
from five to ten times as large as the one used in the present experiments, 
the absolute fluctuation due to it would be laiger, but the fluctuation due to 
the i-adium would be smaller than in these experiments. Unless the test 
for spurious fluctuations in an experiment involves all the arrangements 
used in the evaluation of the fluctuations, except that the y-rays are absent, 
the experiment is open to criticism. 

(3) Tlie correction for the resistance B seems doubtful, in Tables YT, 
Yll, YIII, etc., the lesistance (proportional to AY in his paper) has almost 
the same value when the positive ions in both compartments are collected 
by the central electrmle as when a differential method is used, as in our 
experiments. It seems obvioiu that a much smaller resistance is needed 
in the foimer case than in the latter, but the AY figures do not indicate 
this. 

Dr. Meyer concludes : — 

(1) That one y*»y liberates more than one /9-ray. 

(2) That a y-ray occupies a solid angle not small compared with that 
occupied by the ionisation vessel (t,*;. a cone with vertical angle e. 30°). 

Buchvraldft on the grounds of Dr. Meyer’s experiments, has calculated that 
the probable angle of the cone of such a y>ray is 34°. 

* £. Meyer, 'Ann. d. Phya.,' 1818, voL 37, p. 700. 
i Bttchwald, ' Ann. d. Phya.,' 1012, vol. 38, p. 41. 
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Summary. 

I. Photographic records of the fluctuations in the ionisation due to y-rays 
have been obtained, and the value of the absolute fluctuation estimated from 
them. 

II. The fluctuation has been found almost proportional to the ionisation 
when either the solid angle of rays used or the gas in the ionisation vessel is 
varied. 

III. The theory evolved by Campbell has been confirmed (a) by the failure 
of six other methods of evaluation, none of which gave any constant relation 
between the fluctuation and the ionisation, even when all other conditions 
were constant, (2») by the concordant results obtained by using the correction 
factor based on his theory. 

lY. Using an extension of the theory of von Schweidler and Campbell, it 
has been found possible to discriminate between the continuous pulse and the 
entity theories of 7-ray8. The results appear to lead to the deduction that a 
7-ray is an entity in the sense that it has a discontinuous " wave-front." 

V- The work of Dr. E. Meyer on the structure of 7-ray8 is briefly reviewed 
and criticised. 

The Soyal Society of London lent the radium used; this, and a New 
Zealand Goverlunent Bcsearch Scliolarship, rendered the investigation 
possible. 

I wish also to record my gratitude to Prof. Laby for the stimulating help 
he has given throughout the work. My thanks are also due to Dr. G. W. C. 
Kaye for reading the proofs of this paper. 
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The Sublimation of Metala cU Low Presaurea. 

By G. W. C. Kaye, B.A., D.So., and Donald Ewen, M.Sc. 

(Communicated by Dr. B. T. Glazebrook, F.R.S. Beceived June 10, — 

Bead June 26, 1913.) 

(From the National Physical Laboratory.) 

[Platk 

Introdmtory. 

Many metals have been fouml to exhibit evidences of volatility at 
temperatures considerably below their melting points. As long ago as 1872, 
Merget* demonstrated that frozen mercury volatilised perceptibly in air in 
course of time. ])eman;ay,f in 1882, conducted similar experiments ifi v<mio 
and found that cadmium evaporated sensibly at as low a temperature as 160®, 
zinc at 184°, and lead and tin at 360° C. In 1887, ZenghelioJ obtained 
evidence of the volatility of lead, copper, zinc, etc., even at room temperatures. 
Spring, § in 1894, working at atmospheric pressure, showed that zinc was 
appreciably volatile at 300°, and cadmium and copper at 600° Roberts-Austen 
and Merrett, in some unpublished experiments at the Royal Mint, in 1896, 
detected the volatility of cadmium and zinc at 100° in vacuo^ while KmfiflH in 
1903 and 1905 investigated in some detail the volatilisation of a number of 
metals at low pressures. Rosenhain, at the National Physical Laboratory, 
has obtained beautiful crystals of sublimed zinc by heating a piece of zinc 
to 300° G. for some weeks in a glass tube containing hydrogen at atmospheric 
pressure. 

The notable phenomena of the interdiflusion of metals, with which Roberts- 
Austen’s name is associated, provide, of course, additional evidence of the 
vapour pressure that solid metals exert even at ordinary temperatures. 

A familiar illustration of metallic volatilisation is furnished by the 
blackening of tungsten and carbon^f filament lamps. Deposits of definite 
outline can occasionally be detected on the bulbs of the lamps ; a fact which 
seems to point to the projection of particles in definite directions from the 
filament. 

* Mergot, ‘Ann. Cluni. Phys.,* 1872, vol. 25, p. 121. 

t Demaryay, ‘ Coiuptea Bondua,* 1882, vol. 95, p. 183. 

I Zongholio, * Zoit. Phys. Chem.,' 1887, vol. 1, p. 219. 

§ Spring, ‘ Oomptes Hendus,' 1894, p. 42. 

II Krail't, ‘ Per. Deut Chein. GeBoll.,' 1903, vol. 36, p. 1690, and 1005, vol. 38, p. 254. 

IF Berthelot showed, in 1004, tliat such vaporised carltou ie not graphitic, but amorphous. 
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The extent of the disintegration exhibited by a heated metal depends a 
great deal on its nature. In the case of the metals of platinum group, 
Crookes* found that when they were heated in still air at atmospheric 
pressure, they arranged themselves in the following onler of increasing 
volatility: Bh, Pt, Pd, Ir, and Ku. The marked volatility of iridium at 
temperatures above 1000° C. has long been known to users of platinuin-iridium 
thermocouples. 

The disintegration of a metal increases rapidly with a rise in the 
temperature, and almost all observers are agreed that the presence of oxygen 
serves to augment the effect, at any rate in those cases which have been 
investigated. Hydrogen and nitrogen do not, in general, favour dis- 
integration. 

The platinum metals, with the exception of palladium, all disintegrate less 
as the pressure is lowered, and accordingly it does not appear that in these 
cases the effect is one of true sublimation. Bobertsf has recently conducted 
experiments with these metals, and infers that the volatilisation is not a 
simple process, but is biH)ught about by the formation of endothermic oxides 
more volatile than the metals themselves.^ 

With most other metals, however, we should natumlly expect volatilisation 
to be facilitated by a reduction of pressure. Wo have collected in the 
following table, the data for a number of metals for which information 


Metal. 

Boiling point. 

At 1 atmoB. In vacuo. 

Volatilisatiou 
dete(*table at 

I 

^ Molting point 

1 at 1 atmos. 

j 


® C 

'0. 

•c. 

°C. 

Merouiy 

3S7 

160 

-30 

-39 

PotsMium 

760 

370 

63 

68 

Sodium . ... 

8S0 

420 

97 

97 

Cadmiuni 

778 

460 

160 

821 

Zino 

018 

660 

180 

410 

Bismuth 

1420 

1000 

269 

260 

Lead 

1X26 

1160 

300 

327 

Silver . i 

1066 

1400 P 

680 

961 

Copper . . 

2910 

1600? 

400 

1084 

Tin 

2270 

1700? 

360 

28J 

Gold 

2630? 

1800? 

1370 

, 1064 

Iron ... 

2460 

— 

1 060 

1 1600 

Platinum ... . 

2500? 

— 

1200 

j 1760 


— 

— 

_ - - - - 

1_ 


* Crookos, ‘ Hoy. Soc. Proc.,* May, 1012, A, voL 86, p. 461. 
t Iloberta, ‘ Phil. Mag./ February, 1913, p. 270. 

X In this connection, see Goldstein (‘Her. Lteut. Chem. Qes./ 1904) and Magnus (* Phys. 
Zeit./ 1906, vol. 6, p. 12), who showed that Pt and Ir at a white heat rapidly absorb 
oxygen. 



60 


Dr. G. W. C. Kaye and Mr. D. Ewen. 

regarding the effe(^ of pressure on the boiling point is available. The values 
of the higher boiHng points are largely due to Greenwood.* * * § Some of the 
volatilisation temperatures quoted have been recently determined at the 
National Physical Laboratoiy. 

Columns 2 and 3 reveal the marked effect of pressure on the boiling point ; 
and Column 4 shows the temperatures at which volatilisation has been 
detected, mostly at low pressures. These temperatures are intended to imply 
appreciable volatilisation; if the experiments weie sufficiently prolonged, 
volatilisation could be detected in some cases at temperatures even lower 
than those given, as will be gathered from p. 58. Column 5 gives the corre- 
sponding melting points and is added for the sake of comparison. 

JteclUinear Emission of Particles. 

Evidence has recently been obtained of the emission of particles of metal 
at right angles to the surface of a heated metal, in miich the same way, for 
example, as particles of metal arc ejected from the surface of a cathode in a 
discharge tube. In most cases, this straight line omission is obscured by 
general volatilisation; but when the circumstances were favourable its 
existence has been detected. 

Kebonl and de Bollemontf have recently shown that small strips of either 
copper or silver, when heated in an electric furnace at temperatures from 
400°t to 900*^ C. yield black deposits which closely follow the outline of the 
emitting metal. Thus when the latter was cut in the shape of a cross, the 
deposit also was cruciform. The deposits were received on a platinum screen, 
and proved to consist either of the emitting metal or its oxide. In air at 
atmospheric pressure, 3 mm. was the greatest distance at which such deposits 
were obtained ; the best results were obtained at about 1 mm. distance. In 
oxygen, the effect was enlwnced ; in a vaenum, the deposit gained in sharp- 
ness of outline. Curiously enough, in hydrogen, the edges of the strip seemed 
to be the only active regions, so that the sputtered image reproduced merely 
the outlines of the strip.§ 

The rate of deposition increased very considerably as the furnace was made 
hotter. On repeating the experiment with a sample of copper which had 
already been used, the deposit was much less dense than that obtained on the 

* Greenwood, ‘Boy. Soc, Froc.,’ 1009, A, voL 62, p. 396 ; 1010, A, vol. 83, p. 483. 

t Reboul and de Bollemont, * Journ. de Ph/s,,' July, 1912, 5, vol. 2, p. 550, 

I Below 400" no depoeitti were obtained. 

§ A eomewhat umilar edge-effect was obtained by one of ub in connection with the 
sputtered deposit from on aluminium cathode in a discharge tube (Kaye, * Phys. Soc. Proc.,' 
Peb., 1013, vol. 25, p. 108). 
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first heating. Other metals — nickel, iron, and aluminium — were tried, but 
without Bucoesa. 


Experimmtal. 

The present authors, during the early part of last year, obtained somewhat 
similar results which are recounted in this paper. 

Iriditinu — In one experiment, with which Dr. Harker was associated,* a 
strip of pure iiidium (S, fig. 1) was heated by the passage of a heavy alternat- 
ing current of low voltage. The strip was arranged, edge upwai*ds, within a 



hollow metal cylinder of diameter about 18 mm. The gas was nitrogen and 
the pressure about 20 mm. At the end of the experiment two horizontal 
bands of deposit A and B were observed on the inner surface of the cylinder, 
each one facing a side of the iridium strip, and of roughly the same width. 
The rest of the cylinder was not wholly free from deposit, but it reached 
a minimum at points C and D opposite the edges of the strip. 

Copper . — In a second experiment, a copper tube (T, fig. 2) with a hole 
(diameter 8 mm.) in its side was heated from within by a strip of metal 
through which alternating heating current was passed. As shown in fig. 2, 
the strip was not in contact with tlio cylinder. The pressure was about 
1 mm. and the gas nitrogen. 

After a few minutes the copper attained a visibly red heat (800^ C.), and a 
black deposit rapidly formed some 4 cm. away on an opal-glass plate (P) 
placed obliquely, as indicated in the figure. The deposit approximated in 
shape to an elliptical ring. This is to be ascribed to the sputtering action 
of the edge of the hole in the tube. The outline of the sputtered ring 
was shortly afterwards largely obscured by general deposit from the body 
of the tube and the heating strip. Fig. 3 gives a notion of the appearance 
of part of the elliptical band of deposit \ it has been strengthened slightly 
in the photograph (see Plate 5). 

* See Harker and Kaye, ‘ Buy, Soc. Proc.,’ 1913, A, vol. 88, p. 536. 
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Irm . — In a further series of experiments, some interesting deposits have 
been obtained with iron. Commercially pure Swedish wrought iron was 
lined in the form of thin strips which were highly polished. The arrange- 
ment of the apparatus is indicated in fig. 4. 

The iron strip A was mounted vertically and connected at its extremities 
to two stout copper leads, by which means the strip was heated electrically 

by direct current. Tarallel to, and 
at about 1 mni from, the polished 
surface of the iron was stretched a 
strip of platinum foil II, in the 
centre of which was a small hole 
about 3 mm. square. A second 
piece of platinum foil C was welded 
on to B, and contained another 
similar hole so arranged that the 
two holes in B and C were opposite 
each other and about 5 mm. apart. 
A third strip of platinum foil D was 
mounted opposite the hole in C and 
about 1 mm. away from (1 Strips 
B and C were electrically insulated 
from the iron strip A, and the 
outermost strip D, which was 
intended to receive the deposit, was 
connected to the positive end of 
the iron strip. The whole was placed in a vessel which was highly 
exhausted, and tlie iron strip was then heated by passing through it a 
direct current of about 20 to 30 amperes at 50 to 100 volts. The 
temperature of the ii^n was kept at about 950^ C. for some 5 hours.* 

By this means, a dark brown dei)osit was obtained on the platinum strip D, 
and, as shown in the photograph (fig. 5), the deposit took the form of a well 
defined image of the square holes in the other pieces of foil. The clearly 
defined edges of this shadow make it difficult to imagine that the method 
of transference of the material can be other than some kind of rectilinear 
propagation of the volatilised particles. The slight distortion of the image 
is due in port to a want of alignment of the two holes in B and C, and 
partly to the shape of the hole in C. 

No deposit was found on the sides of B and C remote from the hot iron 
strip. Fig. 5 shows the black deposit on the side of B facing the iron 
* The temperature was measured by a hot-wire optical pyrometer. 
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strip. There was also some deposit on the corresponding face of C around 
the sides of the hole; a feature which indicates that not all the particles 
are projected normally from tho iron. In some experiments, plate C was 
removed and only the one hole (in B) used ; the deposits in these cases 
were not quite so well defined. 

The surface of the omitting iron strip, when examined ynder a fairly high 
power, shows regularly oriented etched pitting (fig. 6). The method of heating 
by direct current seems to favour the development of these etched pits to an 
extraordinary degree. As described later, si)ecimens of iron were also heated 
in a tube furnace m vacuo to the same teniperatuie as before, viz., 950^ C. 
In these cases, the etched pitting of the surface, although generally 
distinguishable, was not developed to anything like the same extent as in 
specimens heated under the same conditions by the passage of the heating 
current through the specimens themselves. It would appear, therefore, 
that the electrical conditions which obtain in the latter case predispose 
the metal to disintegration, as evidenced by the etching effects.* It would 
be of interest to see if heating by the passage of an alternating current 
through a metal would also produce such markeil pitting. The frequent 
twinning, an example of which is shown in fig. 6, is, of course, characteristic 
of the structure of iron at the temperature of Uio experiments. 

The central and hottest portion of the iron strip, which was opposite the 
holes in the platinum strips, was afterwards found to lie brown in colour. 
The appearance suggested tliat a certain amount of oxidation had taken place 
in spile of the fairly high vacuum employed.t This is supported by the fact 
that on subsequently annealing the iron in hydrogen the brown colour 
disappeared and the iron reverted to its normal tint. 

The deposit was found, when tested, to give a distinct iron reaction, thus 
proving that the shadow was due to the transference of particles from the 
iron. The loss in weight of the iron specimen was too small to be detected 
by an ordinary chemical balance. The adhesion of tho deposits to tho receiv* 
ing strip of platinum was remarkablej vigorous polishing for some minutes 
being necessary for their removal. Under the microscope, the surface 
of the platinum where the deposit was formed shows a reticular pattern 
resembling the structure obtained on polished and etched metallic surfaces. 

* Fredenhagen (*Phyfl. Zeit.,’ 1912, voL 1.3, p. 539) found a parallel effect with the 
negative electrical discharge from a hot metal in vacuo. The emission from a cei'taiu 
electrode, when the latter was heated in an electric furnace, was only 1 per cent, of that 
obtained on heating by direct current to the same temperature, 

t The pressure was initially of the order of 0*004 mm. of mercury and during the course 
of the heating averaged about 0*035 mm., the rise being accounted for by the evolution of 
gases from the heated iron. 
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At the rasult of a tmmber of experiments, it was found that the maximum 
range of the iron particles was about 1 cm. in a good vacuum ; at higher 
pressures it would probably be less.* 

Deposits from iron were also obtained on non-metallic receiving surfaces, 
such as fused silica. 

In order to examine more closely into the cause of this transference of 
material, some further experiments were carried out with iron, in which the 
arremgements were similar to those already described, but the heating was 
effected by an electric tube-furnace, wound with a spiral resistor of nichtome 
wire ; the iron specimen did not, therefore, in this case, carry any current. 
The window in these experiments was a long slit x>aiallel to and about 
2 nun. from the strip ; only one window was employed. As before, quite a 
sharp shadow of outline corresponding to the slit was obtained on a 
platinum screen, about 1 mm. distant from the slit This is shown in 
fig. 7; the illumination of the screen in the photograph causes the grey 
deposit to appear white on a dark ground. 

With this arrangement, one hoar’s heating produced only very faint 
indications of a deposit, whilst a clearly defined image was obtained from a 
run lasting three hours. With direct-current heating, on the other hand, 
the rate of deposition was much more rapid, and in one experiment, 
10 minutes sufficed to produce a fairly clear deposit (see also p. 63). 

In, the tube-furnace experiment the temperature was not quite uniform, 
so that both iron strip and platinum screen were a good deal hotter at one 
end than the other. Tlie deposit on the screen was found to bo fainter at 
the hotter end ; this was probably due to the greater loss by evaporation 
from the hot end of the screen. The deposit shown in fig. 7 did not possess 
the brown colour of the shadows obtained in the previous experiments, nor, 
08 has already been remarked, did the surface of the iron show such charac- 
teristic etched pitting. Thus, although more prominent deposits were 
obtained when there was slight oxidation, it would appear that the presence 
of oxygen — at any rate, in quantity sufficient to cause visible oxidation — ^is 
not essential to the process of transference. 

Tungsten . — Extensive de])OBitB and corresponding shadow results were also 
obtained when tungsten was heated in vacuo to about 1800° C. 

Discussion. 

From the foregoing results, and those obtained by Reboul and 
de Bollemont, it would appear that there are two main classes of vapour 
given out when a metal volatilises; one kind, which is associated with 
* C/. Reboul and de Bollemont, above. 
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evaporation as naually understood by the term, the other, made up of 
particles of metal, which travel in straight lines from the surface of the 
metal, which they leave approximately at right angles, and which, as our 
experiments appear to show, have (in the case of iron, at any rate) a range 
of only a centimetre or so in vacuo. What may be tlio inherent cause of 
difference between these two kinds of particles we are not in a position to 
say at present ; we suggest that the " rectilinear " type consists of electrified 
particles of metal, while the ordinary vapour jiarticles are electrically neutral. 

It is well known that, if a liquid has its surface suddenly changed in area, 
a surplus charge of electricity makes its appearance, us, for example, in the 
splashing of water or mercury. On the same grounds, the pitting of the 
heated surface, and the consequent alteration of area, would be expected to 
release a certain amount of elootrifioation, which would, in favourable cases, 
accompany the liberat(‘d particles. The repulsion of the charged jiarticles at 
right angles to the surfaeo of the heated metal would follow if the surface 
were also charged with like sign; this, of course, is possible with a strip 
heated by direct current. Wo have already remarked on the special 
etficocy of direct current in producing deposits. 

The effect is not so ousy to explain in the case of the tuhc-furnace and 
alternating-current experiments. Koboul and d(^ Hollomont suggest, in 
explanation of the plienomena, that the transference of the material is duo 
to miniature eruptions caused by the explosive combination of ocfjlude<l 
hydrogen and oxygen in the metal. On this view, the effect would be 
expected to fatigue, and this is in accordance with their experiments (p, 60). 
The explanation does not, however, seem to us convincing. 

In our experiments with iron, tlie temporatui’C did not exceed about 
1000® C., under which conditions we should expect that any electrified 
particles there might bo would carry a positive charge ; and, in fact, Sir .F. J. 
Thomson* showed some years ago that positively charged particles of metal 
were among the positive ions given off by platinum heated to moderate 
temperatures at low pressures. It would be interesting to see if a differenco 
could be detected in the intensity of the deposits obtained from cither eno of 
a strip of metal heated by direct current. On the above hypothesis, the 
positive end of the strip might give an appreciably Iieavier deposit at such 
tomperaturds. 

At higher temperatures than we have employed — near and above the 
melting point of iron — negative electricity predominates, and opposite results 
would accordingly be expected in such an experiment The effect of a 
magnetic field on the stream of particles would, of course, be a valuable 

* *Ck)nducUon of Electricity through OnfieR/ 1906, p. ^17. 
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piece of evideoce. By such meanB, Owen and Halsall* And, however, that 
in a good vacuum, and over a wide range of temperatures all high enough to 
give negative ionisation, the thermionic current, in the case of Ft, Pd 
and Ir, is due almost entirely to eleotrona They conclude that the 
proportion of heavy and metallic n^ative ions is certainly leas than 1 part 
in 2000. Tt should be remarked also that Boberts, in the paper already 
referred to, did not find any evidence of particles which were electrified in 
the vapours of the platinum metals. But, from his published account, we 
should gather that the fog-condensation chamber, by which he tested the 
point, was probably too remote from the heated metal to detect such 
short-range (.articles as we have described. 

The influence of traces of oxygen in producing a kind of " weathering ” of 
the surface of the metal is one on which stress has been laid by a number of 
experimenters, and it is reasonable to suppose that some such action would 
augment the disintegration to a marked degree with some metals. It is 
significant that most workers are agreed that the presence of oxygen 
accentuates the positive electrical emission from hot metals ; in such oases 
we may regard the charged (articles ns the direct outcome of the energy of 
reaction between the metal and the gas. We have elsewhere noted Boberts' 
conclusions as to the part played by oxygen in the volatilisation of the 
platinum metals, and it is a matter for further investigation to ascertain the 
extent of the oficot with the baser metals. Some evidence is afi'orded by the 
experiments on p. 64.t 

As an alternative to the charged-particle hypothesis it is not impossible 
that the distinction between the "rectilinear” particles and the ordinary 
particles is one chiefly of size. We should expect that very small emitted 
particles of metal — with dimensions not far from molecular — would suffer 
appreciable scattering by the gas molecules and lose very speedily their 
original direction of projection. But laiger particles, projected with the same 
velocity, would travel farther before being similarly disturbed. Possibly the 
range of the projected particles under the same temperature conditions varies 
considerably from metal to metal ; and this may account for the lack of sacoess 
wliich attended Beboul and de Bollemont’s efforts to obtain deposits with 
metals other than copper and silver at atmospheric pressure. 

It may not be too far from the purpose of this paper to consider the 
(tossible source of such large particles. Dr. Boaenhain and one of u8{ have 

* ‘Phil. Mag.,’ May, 191.% vol. 86, p. 786. 

t Bee alao Humfrey, ‘ Irun and Steel Inst. Jnum.,' 1918, Carnegie Memdra. 

} “ Intercryatelline Coheaion in Metals,” Boaenhain and Ewen, ‘Inat. Metab Jeurn., 
Sept, 1918, 
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pttt forward a theory as to the mechanism by which evaporation takes place 
from myatalline metals. The view was adopted, from the oliservatioiu of the 
behaviour of a number of metals t» vaem, that the volatilised metal couBists 
initially of the interciystalline amorphous material which cements together 
the crystal faces. This amorphous cement is more volatile than the crystals 
themselves, and accordingly grooves or channels are formed along the crystal 
boundaries of metals subjected to prolonged heating in vmu>. The increased 
liability to erosion along the sides of those channels may perhaps be the cause, 
directly or indirectly, of particles larger than those from the body of the 
crystals. With polished specimens the channels are visible under the 
mioroBcopo ; the process is known as vacuum etching. 

If there is any real analogy between the sputtering from a cathode in a 
low-pressure discharge tube, and thermal sputtering such as we Imve described, 
it may be that cathodic sputtering carried out under suitable conditions 
would similarly lead to tho formation of patterns corresponding to the 
structure of the metal. 

So far os evaporation from the crystals themselves is concerned, we may 
usefully employ the conception of a " crystal unit ” adopted by some metallo- 
graphists. The term implies a small ordered stable aggregate of molecules 
which serves as a brick from which to build up the crystal structure. We 
may ima^e that either through the application of heat or by chemical 
combination the stability of a surface unit is endangered by reason of the 
loss of individual outlying molecules. The whole unit disintegrates and 
comes away piecemeal from the crystal in particles, may be, of appreciable 
size, and at the same time a pit is commenced in the crystal surhun. We should 
not be unreasonable in expecting that such particles coming from a stable 
crystal system would be electrically charged, in contradistinction to those 
coming from an unotdered amorphous medium. 

The results described in this paper are to be regarded as of a preliminary 
character; it will be apparent that there is scope for further work in a 
number of directions. 
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A Peculiar Form of TjOW Potential Discharge in the 
Highest Vacua. 

By tho Hon. K J. STRurr, F.R.S., Professor of Physics, Imperial College of 
Science, South Kensington. 

(Rocoivocl Juno 18, — Read Juno 26, 1913.) 

Mr. C, E. S. Phillips has <l 08 cribed a curious electrical effect.* Iron 
electrodes Ki, Ey, fig. l,f weio fixed in a glass bulb as shown. The bulb was 


Fio. 1. 

exhausted very highly ; a discharge was passed for a moment, and turned off. 
The iron electrodes were then magnetised by exciting the electromagnets 
Ml, M:f. On magnetisation, a luminous ring was obseiA'cd in the equatorial 
plane of tho magnet, which lasted for a few seconds, and then died out. 
The effect excited considerable interest at tho time, and careful experiments 
were made by tlie discoverer to elucidate its causes. The following may be 
quoted from the coticluding Hcction of the paper as representing his views. 

The preceding experiments sliow that the jirincipal effect of the magnets 
is to produce a concentration of negative ions at the strongest portion of the 
magnetic field, and centraily witliiii the bulb. .... I consider that this 
concentration of negative ions is duo to two main causes. In tho first place 
it is partly produced by the action of the magnetic field on ions alreiuly in 

motion within tlie bulb And secondly owing to the I'eaction lesulting 

from the sudden excitation of the magnets, tho comparatively dense cloud of 
ions situated at the ends of tho bulb would, in rapidly turning about the 
magnetic axis, tend to move towards the pointed end of the electrodes, and so 
concentrate as observed.” 

I find some difficulty in forming a clear idea of the theory hero suggested 
but tho effects ai'O apparently attributed to ions left in the volume of the 

‘ Roy. Sw. Pixw.,* 1808, vol. 64, p. 172 ; ‘Phil. Trans.,’ A, 1001, vol. 107, p. 135. 
t This figure is taken from rhillqis' |japer. 
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bulb, and to the electromotive force eet up by the eudden growth of the 
magnetic field. The latter point of view was favoured by Prof. S. P. Thompeon* 
and by Lord Kelvin, f but the experiments described below cannot be recon- 
ciled with it, or with the idea that ions left in the gas by the preliminary 
discharge have anything to do with the phenomena. 

" , In other passages Phillips attaches importance to chaiges of electricity left 
on the glass walls by the preliminary discharge. In this, as I hope to be able 
to show, he is entirely right. 



Fig. S. 


To test the latter (luestioii, it was decided to repeat the experiments in a 
vessel lined internally with wire gauze, thus avoiding tho unoortainty always 
encountered in experimenting with charged insulators. The vessel employed 
is shown in fig. 2. The gauze lining was separated from the iron poles by a 
short length of glass, and communicated with the outside by a wire so that it 
could be brought to any desired potential. Tho vessel was highly exhausted 
by a Qaede pump followed by cooled charcoal. An induction coil was 
connected to the end caps A, B. The coil circuit was insulated, and the 
gauze lining connected to earth. The coil dischaige passed with difficulty, 
with occasional flashes of green phosphorescence. It sufficed to pass it for a 
moment only. Then, when the electrodes were magnetised, the equatorial 
ring described by Phillips appeared extending as far as the gauze sheath. It 

^ * Elocti iciaii,' 1890, vol. 43, p. 412. 

+ ‘Electrician/ 1899» vol. 43, p. 532. 
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lasted 3 aeconda or more and then became visibly intermittent, finally ceasing. 
If the gauze sheath was electrically connected with the pair of poles AB, the 
ring was instantly extinguished, no trace of it remaining. 

This experiment makes it certain that the ring is essentially connected 
with a difference of jiotential between the inner walls of the vessel and the 
pair of iron electrodes. The potential difference must be attributed in this 
case to a charge left on the electrodes, and on the coil dxciiit connected 
with them, since the gauze lining is earthed. 

Since a charge on the iron poles was necessary, it was an obvious step to 
maintain it by means of an electrical machine. When the iron poles 
(connected together) were kept negatively electrified in this way, the ring 
could be maintained indefinitely. It was extinguished when the magnet 
was turned off, hut roapi)eared when the magnet was turned on again, anil 
then remained steady. It is therefore evidently unconnected with induced 
electromotive forces produced during establishment of the magnetic field. 

The preliminary induction coil discharge was nut necessary. The ring 
could be started at any time without it. 

Finally, no ring was obtained when the iron pules were imsitively 
electrified. 

Measurements of the potential difference between the iron jioleH and the 
gauze lining when the ring was formed showed tliat this only amounted to 
about 300 or 400 volts, varying somewhat with the exact conditions. When 
the runnel current was tiirnoil off this potential difference at unco leapt iijl 
to a very high value, far above the cajwcity of the measuring instruments 
available (12,000 volts). 

The experiments just recordeil indicate the following proximate explanation 
of Phillips’ phenomenon. Tlio preliminary induction coil discharge serves 
only to leave a static charge of electricity on the glass walls, or, if the induction 
coil circuit is nowhere earthed, on the electrodes. Under ordinary conditions 
the electricity thus left is far from being able to discharge itself through the 
highly rarofied gas. But when the magnetic field has been created its escape 
is very much facilitated. The luminous ring indicates discharge. 

That the discharge lasts some seconds is probably to be explained by the 
well-known gradual leaking out of the electric charge from insulators. In 
the modified form of experiment with earthed gauze walls the charge is on the 
iron poles and on the secondary circuit of the Buhmkorff coil (not in action). 
The capacity is mainly in the condenser formed by the insulating tube on 
which the secondary is wound, the primary and secondary acting os coatings. 
Hie charge of this condenser leaks out gradually, owing to “electric 
abeoi-ptiou.” 
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Thft qneHtion next to be faced is why the diBcharj^e })otential is so 
enormously reduced by excitation of the magnets. 

With the conical pole pieces so far usecb it is diflicult to determine whether 
the etfective component of the magnetic force at the electrode surface is 
jiarallel to the lines of electric force, or perpendicular to them. A piece of 
brass tubing was slipped over the pole pieces as indicated in fig, 3, connecting 
them electrically, but not, of courso. magnetically. The low potential ring 
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discharge was equally well obtained in this case, slarting from the portion of 
the brass tube midway lietween the poles. The lines* of electrostatic force 
are with this arrangement necessarily radial to the brass tube, and the lines 
of magnetic force in the equatorial plane are at right angles to them, as 
indicated by the dotted lines. 

Let UH consider wliat will be the path of an electron starting from the 
brass tube, used as cathode. If the electric force alone were acting, the 
electron would, of course, go radially outwanls towards the anode, which is 
concentric with the bmss tube. When, however, a transverse magnetic force 
acts as well, the electron will be deflected from its initial path, and will tend 
to curl round the brass tube from which it starte<l, at the same time as it 
moves outwards under the influence of the electric force. The resultant 
ymth will therefore be a spiral* and the electron will perhaps cross the 
radius of the cathode along which it started several times (fig. 4) before 
reaching the anode. 

In an ordinary vacuum discharge, without magnetic force, elettirons 
starting from the cathode are not able to ionise the gas until they have 
travelled a certain distance, represented by the Crookes dark space. Why 
this should be so, and, in particular, why the region of ionisation the 
negative glow) is suddenly entered, is liard to understand. Accepting it 

* The form of thiM Hpiral could be calculated d pnbn if we regarded the motion as free 
and made simple aasumptiona aa to the radial diatribution of the electric and magnetic 
forces. But it is, of course, uaeleaa to regard the diatribution of electric force aa undia* 
turbed by the paawge of the current, 
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however, as a fact, we cati in h iiieaHure foresee the action of inagiietio force 
with this disposition of electrodes in lowering the discharge potential. The 
gas space in the neighbourhood of any element of area on the cathode is 
continually crossed by electrons from elements of area at some angular 
distance away round the tube ; electrons which have already travelled some 
distance through the gas possibly in circulating more tlian once right round 
the cathode. Tliey, at any rate, are able to ionise the gas, and consequently 
to lower the potential gradient. Thus the Orookes <lark sjMioe, the un-ionised 

region in which the great expenditure of 
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electromotive force occurs, is almost 
abolished, and the <lisidiarge potential droj^s 
accordingly. 

Discharges of this kintl can he conveniently 
maiiil^iiiied by a iMiitery of .nay 300 cells, ti 
teleplwine in the ciieiiitis cjuite silent, unless 
the cunvnt e\c«*eds a luuUiii limit. 

Aihlitmui! awi Cmijinaahrji Ejb*piTmcnL% 

The spiral path of the electrons is clearly 
indicated by theory, and aiTords as satisfac- 
tory an explanation as can be expected of 
the great diminution of voltage drop at the 
cathode, leaving regard to the general level 
of our comprehension of such phenomena. 

No spiral structure can \ye seen in the 
luminous effect, nor is it to be expected, 
since everything is symmetrical about an 
axis. The spirals starting from different 
azimuths round the cathode overlap, the 
aggregate thus produced having circular 
symmetry. 

We can, however, prove that the paths of 
the electrons have a tangential component 
by simply interposing a radial partition 
which stops tangential motion, though it 
does not interfere with direct passage of 
ions between the electrodes. The low 


potential discharge then fails, and we can only force the current through at 
the enormous electromotive forces ordinarily required in high vacuo. 
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Fig. 5 shows the arrangement. Tlic brass tube A contains inside it tl)e 
magnet poles (not shown) about 1 cm. apart, sepsirated by a brass distance 
piece. Tlie iwhe is cemented airtight right throngli the glass enveloi^e and 
serves as cathode. Its interior, however, is independent of the vacuum, so 
that the distance between the polos can be adjusted without difficulty. The 
concentric ring anode B, 4*5 cm. in diameter, is slit af r to admit the mica 
slip D. D can be lowered liy means of a thread from the winch E, which 
can be operated from outside.* 

On lowering the mica slip, the effects arc as follows : At lii*st the rise of 
potential is small, not excee<ling a huntlrwl or two volts until the mica is 
hulf-way down. It then begins to increase more rapidly until, when 2 or 
3 jum. off the brass tube, it has risen to 1000 volts. Finally, when nearly 
touching, the potential sutldeidy leaps uj) until capable of sparking 2 oi* 
3 inches in air; this stage is convtMiiently demonstrated by an imluction coil, 
though the sto^dy voltage of an electrical machine or batteiy is neetjssury 
when the lower voltages are to be measured. 

These changes in tlie dischaigo potential arc accompanied by intorcsting 
luminous effects. In the absence of the radial partition, the whole space 
between the electrodes in tillntl with luminosity. As the mica descends, it 
cuts off the light in the sharpest and cleai’est manner from the whole cii cular 
ring into which it protrudes. Beyond this limit nearer the centre, the 
luminosity remains unaffocUul (fig. 6). The experiment i)rovcH most 
definitely that the circular movement (jf (dectrons onlinarily pi'cvails as far 



^ Tho winch is cunBtruotod by filing a groove for the thread round the plug of an 
ordinary 8tuixx)ck ; Uuh arrangement is copied fi-oni one dcvi»cd by Mr. Auton for 
Sir J. J. TbooiBon’s experimunts on [lUKitivo raye. 
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out as the anode ring. At the same time the character of the discharge is 
not fundamentally altered, unless circular movement in the immediate 
neighbourhood of the cathode is prevented. 

When this occurs, the mica partition being righ^ down, no more luminosity 
is to be seen in the gas, and gieen phosphorfjsoencc of the glass envelope, 
previously absent, suddenly becomes intense. 

Summary. 

The phenomenon originally described by Mr. C. K. S. Phillips is traced to 
its origin. 

As an outcome of this a peculiar form of electric discliargo is studied. The 
cathode is a cylinder immersed in a magnetic field parallel to itself. The 
anode is a ring concentric with the cathode. In very high vacua the electrons 
travel from cathode to anode *iu a spiral path, whirling round the cathode. 
The drop of potential over the catliode rq^on is reduced from, say, 
200,000 volts to 200 volts. 

Further investigations arc in progress, including the detailed study of 
^Mitential gradient in these discharges at various gas densities. 
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On the Efficiency of Selenium as a Detector of Light. 

By E. E. Fouknibr d’Albe, D.So. (Binn.)- 

(Communicat^ by Poynting, F.K.S. Received May 7, — ^Bead 

June 19, 1913.) 

The following invefitigation concerns the limits up to which minute 
<piftntities of light and minute variations of its intensity may bo discovered 
by means of selenium. 

There are two actions of light on selenium which may be used — (1) a change 
in the conductivity, first described by \V. Smith in 1873; and (2) the 
generation of an E.M.F. in a voltaic cell in which selenium is an electrode 
(Sabine, 1878). 

The efficiency of an apparatus for the detection of light is the ratio of the 
amount of measurable effect it indicates to the amount of light received by 
the apparatus. Both the above actions being static, the amount of light 
available is I)eHt stated in terms of the steady dux of light, the unit 1:)eing the 
lumen, or the amount of light falling upon 1 sq. m. distant 1 m. from 
a source of 1 candle-power. 

Hitherto it has been customary to specify the “ scuMitiveness of a selenium 
jneparation by stating the ratio in which its resistance is reduced by a given 
illumination, reckoned in metre-candles (" lux ”). This practice, however, 
gives no indication regarding the useful effect to be obtained from a restricted 
amount of light, such as that spreading out conically from a star image, as 
this dei>enda upon tlie extent of the sensitive surface to be covered. Since 
the effect obtainable with a given selenium preparation is directly propor- 
tional, as a rule, to its sensitive surface, the latter has to l)e taken into account 
in determining its efficiency, and this is done by specifying the light in liiinen 
rather than Inx. 

The Voltaic Effideivcy, 

Selenium “ cells,” properly so called, are electrolytic cells in whi<'h the 
illuminated selenium forms one of the electrodes and generates an E.M.F. 
Their efficiency should 1x3 defined as the E.M.F. in volts generated per lumen 
when the illumination is 1 lux. Tlie illumination must l)e s^iecified, since the 
E.M.F. is proportional to the square root of the incident energy. 

Thus, in the arrangement adojUed by Minchin* for the selenium idiotometry 
of stars, 0’03 volt was obtained by illuminating a sensitive surface of 
0‘646 sq. cm. by means of a candle at a distance of 274 cm. The illumination 

* G. M. Minchin, * Boy. Soc. Proc.,' 1895, vol. 58, p. 142 ; and 1896, vol. 69, p. 231. 
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was 0-133 lux. With unit illumination, the E.M.F. would have been 
0'0822 volt. Then the flux of light intercepted by 0-645 aq. cm. would have 
been 64*5 niicrolunien, and the resulting voltaic efliciency is 1270 volts 
per lumen. 

The Oalmnonietnc Efficiency, 

Selenium “cells'* in wtiich the action due to light is a cliange in the 
resistance of selenium are moi-e properly termed selenium “ bridges” ('Mincliin). 
The problem here presented for solution is not so much to obtain the largest 
possible ratio of “ dark ” to “ light ” resistance, but the largest absolute 
inerenso of conductivity, Le, the largest additional cvrreat on exposing to 
light. In this Tcsj)eci, the most “ sensitive ” bridges may be comparatively 
useless unless they also have a reasonably low resistance, an<l this it has 
always been found difficult to secure. 

The “ galvauometric efficiency” may be defined as the increase of conduc- 
tivity produced in a selenium bridge under unit flux of light. Convenient 
numbers, applicable to most bridges made, ai-e obtained if the conductivity 
is reckoned in recipiwals of megohms (“ micromhos ”) and the flux of 
light in luHien. Thus, a selenium bridge 10 cm. square, placed at 1 m, from 
a 100 caudle-powcr source, would receive 1 lumen of light. If, under those 
circumstances, its resistance changed just as it would if a megohm were 
connected in parallel witli it, its “ galvanometric efficiency” would be 
unity. 

OlscTved Efficiencies, 

The data hitherto published with regard to tlie results obtained by meane 
of selenium preparations are often insufficient for determining their 
otticiencies. M, Beinganum,* using iffioto-voltaic selenium cells with a 
sensitive surface of 5 9 sq. cm., obtained about 0T2 volt with a Nernst 
lamp placed at 30 cm. This givtis a voltaic efficiency of about 6 volts 
per lumen at normal illumination if the stpiaro root law holds good for 
intense illuminations. TiOW as this efticieiicy is, it is probably considerably 
above that obtained by v, Uljaninf in 1888, who observed 0*12 volt in 
sunlight (about 50,000 lux). 

As regards galvanometric efficiencies, the greatest interest, from the point 
of view of the present investigation, attaches to the figures given by 
Stebbius,^ who recently studied the light-curve of Algol by means of a 
selenium bridge. The light from the star was received by the 12-inch 


* M. Beinganum, ‘ Phys. Zeitschr./ 1006, vol. 7, p. 786 ; and 1907, vol. 8, p. 293. 
+ V. Uljanin, ‘ Wied, Ann.,' 1888, vol. 36, p 241. 

X J. Stebbins, * Aatrophys. Journ.,' 1910, vol. 32, p. 185. 
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objective of a refractor, and an extra-focal image 0*7 cm. in diameter was 
formed on a Giltay selenium bridge having a ** dark ” resistance of 
3 megohms. The illumination due to the star was thus increased 1,900 
times. Now, the illumination due to Arcturus is very nearly one micro- 
lux*. The stellar magnitudes of Arcturus and Algol at maximurn are 
given by the Nautical Almanac as 0*3 and 2*2 respectively. Hence the 
"unaided" illumination hy Algol will be 0*174 microlux, and the 
illumination of its extra-focal image 330 microlux. Tlus illumination, 
falling on a surface of area 0*386 sq. cm., gives a light flux of 0*0127 micro- 
lumen. 

The deflection shown by the galvanometer was 8 divisions. The lieflection 
represented a current of 1*92x10"® amp6ve. The voltage used was 6. 
Hence the additional conductivity was 0*00032 niicromhos, and the 
** galvanometric efficiency " was 26,200 mieromhos per liiirien. 

That a galvanometric eflieiency of 25,200 is unusually great will appear 
from a calculation of the eflieiency of a cylindrical briilge described by 
Rulimerf os the best out of a number of bridges tested. The area exposed to 
an illumination of 4*6 lux was 14*2 sq. cm., giving a flux of 0*00653 lumen. 
The resistance fell from 35,000 ohms to half that value, which means an 
additional conductivity of 28 6 mieromhos. Hence the efficiency is 
4380 mieromhos per lumen. 

Another Ruhmer bridge, used by KornJ for picture-telegraphy, had an 
efficiency of about 234 mieromhos per lumen in " diffused daylight " (about 
1,000 lux). 

VonditiOiis Affrclimj the Efficicmy, 

In order to compare two selenium bridges under standard conditions, it is 
necessary to take into account a number of circumstances affecting their 
indications. These are the following : — 

(a) Colour . — For the ordinary sources of light, the maximum effect shown 
by selenium is that due to the visible red, and as the maximum shifts with 
the distribution of energy in the spectrum, this distribution must be specified. 

In practice, it will be most convenient to adopt a standard distribution of 
energy in the si^ectrum, such as is offered by one of the accepted standaids of 
brightness. I suggest, as the standard illumination, that provided by the 
whole spectrum of Harcourt's pentane standard, the distance from the 

* G. M. Minchin (C. V, Boye), ‘Nature,’ 1896, vol. 62, p. 246. See also G. MUller, 
‘ Die Fhotonietrie der Gestimo ' (Engelmann, Leipzig). 

t E. Ituhmer, ‘ Phys. Zeitschr.,’ 1902, vol. 3, p. 468. 

+ A. Korn, ‘Phys. Zeitschr.,* 1904, vol. 6, p. 113. 

n 2 
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source being such as to give one lux. As an alternative, the Hefner lamp 
might be adopted. 

(b) Stebbins* found that the sensitiveness of a selenium 
bridge was considerably increased by lowering its temperature permanently 
to 0° 0. Pocchettinof found a reduction of 26 per cent, in the sensitive- 
ness on plunging a bridge into liquid air. I found a reduction of 10 per 
cent, under the same circumstances.^ I propose to adopt 15° C. as the 
most convenient standard temperature, freezing point being unsuitable for 
photo-voltaic selenium cells. 

(c) Voltage. — The resistance of a selenium bridge depends upon the 
voltage, the percentage decrease of resistance being proportional to the 
logarithm of the applied voltage.^ I propose 1 volt as the standard 
voltage. This has the advantage that the efliciency can be expressed in 
micro-anipfires (instead of micromhos) per lumen. The voltage does not 
sensibly affect the sensitiveness, unless it is so high that the Joulean heating 
produces a perceptible rise in the temperature of the bridge, whereupon the 
sensitiveness decreases. 

The wide divergence of results hitherto obtained with regard to the 
" sensitiveness " of selenium is attributable to the differences in method of 
exposure and of interpretation. The measurements are affected by the 
"inertia” of selenium, shown in the slowness with which it acquires its final 
conductivity when illuminated, and the even greater slowness of recovery in 
the dark. 

In .selenium bridges with graphite electrodes, in which there is no chemical 
action between the electrodes and the selenium, the changes of conductivity 
during and after faint illumination closely approximate to what they would 
be if due to a progressive ionisation of the selenium under the action of 
light, the number of ions produced in unit of time being proportional to the 
fiux, and the total number proportional to the total quantity of light, less 
whatever ions recombined. The equation to the light-action curve is then 

where C is proportional to the flux of incident energy and B is the coeflScient 
of recombination. N is the additional conductivity, and is proportional to 
the number of ions of both signs liberated. In a steady state C ss BNo*. or 
the final steady conductivity No is proportional to the square root of the 
light intensity (as actually found by Itosse, Adams, Borndt, and Miiichin). 

♦ J. Stebbino, loc. eit. 

t Pcxxjhettino, ' Rend. R Aoesd. dei Linoei,’ 1902, vol. 11, p. 280. 

J E. E. Foiu-uier d’Albe, ‘ Roy. Soc. Proc.,’ 1812, A, vol. 86, p. 462. 
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By int^ration we get 


or 


N =a Y/(C/B)tanh(<v/C), 


t 



No+N 

No-N' 


The tanh-curve has an initial straight line portion inclined to the N-axis, 
so that before recombination becomes considerable the change of conductivity 
on illumination is proportional to the incident energy, as is found to be the 
case for all feeble exposures. 

For the recovery curve we have, by integrating = —BN*, the 

relation 


1 

N Ni 


B<, 


where Ni is the additional conductivity at the moment of shutting off tho 
light. Ni may be most conveniently obtained from the recovery curve 
itself. If the galvanometer deflection at the moment of obscuration is called 
zero, and rfi, dt are two readings taken at equal time-intervals after that 
moment, then 


Ni 


d,d, 

2d^-d,- 


This Ni is the final value attained by the recovery after a .very long time. 
It is hereinafter called the “ total recovery,” and designated by It. It is, 
other conditions being equal, the net additional conductivity due to previous 
illumination, whatever may have lieen the method of exposure. But since 
tho rapidity of reaction varies greatly with the intensity of the light, it is 
best to adopt a mcthotl of exposure in which tho light action has a definite 
relation to the recovery. This is attained by alternately exposing and 
obscuring for equal times until the curve oscillates between steady values. 
Then tho number of ions produced by illumination is twice the number 
recombined in the same time, and if the number produced varies os the 
incident energy, the amplitude of oscillation will also vary as the incident 
energy. This is shown below to be very approximately the case. 

Thus the process proposed for determining the true increase of conductivity 
for a given illumination is the following : — 

Illuminate and darken for alternate periods of one minute each, and when 
the " ligh t ” and *' dark ” deflections have each become consistent, shut off the 
light finally and take readings after the first and second minute. 

The conditions proposed for determining the normal galvanometric efficiency 
of a selenium bridge may here be summarised : — 
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(a) Quality of liglit : complete radiation from a Btandard pentane lamp. 

(i) Illuniination : 1 lux. 

(c) Voltage : 1 volt. 

(d) Temperature: 15° C. 

(e) History: alternate light and darkness for one minute each until steady 

state is attained. 

(/) Measurement : readings for successive minutes during recovery. 
Evaluation of the “ normal galvanometric efficiency " in microinlios 
per lumen, in this case equivalent to micro-ampires per lumen, or 
micro-amptres per square centimetre of sensitive surface, divided by 
0 * 0001 , 

The Beiedion of Small Fluxes of Light, 

A preliminary experiment to test the efficiency of selenium in detecting 
small fluxes of light was made as follows ; — A thin rod of highly insulating 
]iorcelain was ground flat at one end, offering a circular surface 0*1 sq. cm. in 
area. Thick pencil lines were drawn along two opposite generators of the 
cylindrical surface, and a cap of selenium was thinly spread over one end. 
The selenium was then sensitised in the usual manner by annealing, and the 
rod was inserted in a hole bored through a stick of ebonite, and fixed by 
means of binding screws When not exposed, the selenium was covered with 
a cap fitting over the ai>erture. This miniature selenium bridge is shown in 
(ig. 1. Its resistance, when freshly prepare<l, was 50 megohms. 



It was inserted into a circuit containing a battery of 20 volts and a Broca 
(consequent pole) galvanometer giving O’G division for 10"® ampere. The 
“ dark ” deflection was compensated by suitably altering the magnetic field^ 



81 


Efficiency of Selenium as a Delator of Light. 

and the selenium was then exposed to various moderate illuminations. The 
faintest illumination discoverable with certainty proved to bo that due to a 
paraffin candle 5 m, from the selenium. This illumination was 0*04 lux, and 
the light flux received on the sensitive surface was 0*4 niicrolumen. The 
deflection was 6 divs. = 0*003 micro-amp6re. Tins means an additional 
conductivity of 000015 micromhos, and a galvanometric efficiency of 
375 micromhofl per lumen. 

Both these efficiencies are low, and as the sensitive surface is of about the 
same area as the pupil of the eye, this method evidently falls far short of the 
capability of the human eye in detecting a candle at 5 m. 

Better results were obtained by charging a condenser through the selenium 
resistance and discharging it ballistically, but it was difficult to obtain 
consistent readings. 

Electrometer Methods. 

A Dolezalek quadrant electrometer giving 200 divisions per volt was used 
to measure the resistance of some high resistance selenium bridges, either by 
Cardevv’s method, or by inserting it in the galvanometer branch of a 
Wlicatstono bridge. A change of l/30th per cent., in the resistance was thus 
observed, due to an illumination of 0*001 lux. The galvanometric efficiency 
was of the order of 300 micromhos per lumen. 

Results with Differential Galvanometer. 

The best results, both as reganls actxial deflections ami galvanometric 
efficiencies, were obtained with a Kelvin diflerential galvanometer having 
coils of a total resistance of 6280 ohms. 

In order to be able to vary the illumination measurably within wide limits, 
the arrangement sliowii in the diagram (fig. 2) was adopted. The Heleniuin 
bridge Se No. 3 was fixed on the bottom of the box B, which was optically 
blackened inside. At a distance of 25 cm. al)ove the selenium was a circular 
0])ening 25 sq. cm. in area, closed by a plate of ground glass. A metallic 
filament lamp M was placed above the box at such a distance that the total 
candle-power of the ground-glass disc, as seen from the bottom of the box and 
determined photometrically, was 0*125. The illumination at the bottom of 
the box was thus 2 lux when the groiuid glass was lighted to give | caiidle- 
^>ower. By placing a small diaphragm on the ground-glass surface, the 
illumination could be reduced to any desired amount. The faintest illumina- 
tion so obtained was 10 microlux, or ten times that due to Arcturus unaided 
Since this was discovered by means of a selenium bridge, it means that it is 
possible to discover bright stars hy means of selenium without the aid of any 
optical system whatever. 
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As ground glass does not necessarily give an illumination unifonn over 
a wide angle, the precaution was adopted of picking out central, intermediate, 
and marginal portions of the ground glass in turn. Under the conditions 
here described no diflerence due to this shifting was discoverable, so that for 
tlie purposes of these measurements, as well as others described below, the 
ground glass may be considered as equivalent to a uniformly self-luminous 
surface. 

One of the coils of the differential galvanometer K was put in circuit 
with a batteiy of accumulators, giving 80 volts, and the selenium bridge. 
The other c<iil, which had the same resistance, was traversed by a com- 
pensating current of the order of 6 micro-ampferes, 

A set of diaphragiufl was made by drilling round holes of diffei'ent 
diameters in a piece of sheet oopj:)er, Comjdeto series of measurements were 
made with four of these, called A, B, D, and E respectively. Two smaller 
ones, called F and G, gave somewhat uncertain results because the iustru- 
meiital errors began to bo comparable with the quantities to be measured. 

The following table gives the diameters and areas of the apertures used, 
anil the candle-i)ower of tl)e small circle of ground glass they exposed to the 
light, together with the illumination ju’oduced hy that candle-power at the 
ihstance of the 8(*lenium bridge (25 cm.). 




Area. 

CandU'power. 

Illumination. 


om. 

cm.-. 

micro-cancllet). 

microlux. 

A 

0-370 

0X08 

640-0 

8640-0 

B 

0-305 

0-0730 

1 366-0 

6840-0 

I) 

, 0-207 

0 -0337 

160 -0 i 

2704*0 

K 

0 107 

O’OOOO 

46-0 j 

720-0 

F 

! 0 -at 

0-00120 

6-3 ! 

100 '8 

O 

0 -026 

0 00049 

2*46 

39 '2 


The galvanometer having ))eeii made nearly at)eriodic, readings were taken 
after half a minute's exposure, then after half a minute’s recovery, and so on 
alternately until successive “ dark ” and “ light ” readings hod l>ecome 
sensibly constant. The exiwsnres were made either by moving a light 
cardboard shutter or by switcliing on the lamp, the room lieing otherwise in 
complete ilarkness. Finally, the shutter having been closed, reculings were 
taken for five or six half minutes in order to determine points on the 
“recovery” curve. The timing was done by listening to the beats of a 
metronome marking seconds. 

The accompanying diagram (fig. 3) gives the readings so obtained in the 
case of aperture A. 

On joining up the ” light ” and " dark ” readings respectively, two curves 




83 


Efficiency of Sdenium as a Detector of Light. 

are obtained whose vertical distance apart we may call the “amplitude” of 
the altematiug exposure curve. These readings, therefore, give us two main 
results : the " total recovery ” R, calculated as explained above, from two 
ordinates in the recovery curve; and the “amplitude’' P. Both these 
quantities should be plotted against the illumination I, in order to discover 
the laws of tlie light action. This is dune in fig. 4, which gives the total 
recoveries after various illuminations, and fig. 5, which gives the amplitmles 
for the same illuminations. 



Tlie values for the aiiertures F and G were too small to bo obtained in the 
same way. They were somewhat roughly estimated by waiting until the 
deflection in the light seemed to approach a final value, tlien darkening and 



waiting until the recovery seemed to do the same, and taking the mean of 
the two deflections for the “ total recovery,” 

The following conclusions can be drawn from these curves:— 

(a) The amplitude is proportional to the illumination. The curve is a 
straight line, which, however, does not pass through the origin, and probably 
has a curved portion between E and the origin (fig. 5). 

(b) The total recovery is proportional to the square root of the illumination. 
This appears to hold rigidly down to the feeblest illuminations, as fkr as the 
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limitB of accuracy allow one to judge. Tlieae limite are indicated in the 
curve (fig. 4) by rectangles including all admissible values of the illumination 
and of the total recovery. 

(e) The ratio of amplitude to total recovery is proportional to the square 
root of the illumination. This follows from (a) and (A), and is subject to the 
error B]»ecified under (a) for very faint illuminations. 

One division (1 mm. at 1 m.) of the galvanometer scale represented a 
current of 0*00202 micro-amp6re, Tliia, with 80 volts, means that each 
millimetre of deflection indicates a gain or loss of conductivity amounting 
to 0'0000252 micromhoH. Hence the “ galvanometric efficiency ” of the 
selenium liridge Se 8 is given by the following figures, which, of course 
show an efficiency inversely proportional to the square root of the illumination. 



Flux. 

* 

R. 

Difference 

Galvanometric i 


of couductirity. 

efflcicnc^. j 


nticrolunien. 

mm. 

micromhos. 

1 

A 


398 *0 

0-010 

11600 

B 

0-684 

328 0 1 

1 0 -0083 1 

14200 

D 

0-2704 I 

217 *5 

1 0*00643 

20100 

E 

0-0720 ! 

1 118-0 

0 00286 1 

30600 

F 

0 -01008 

41 -0 

1 0 -001035 , 

102000 

a 

0-00302 j 

1 

1 ' 26 *0 

0 *000666 

1 

107000 


To discover still fainter illuminations, a minute hole, 0*013 cm. in diameter, 
was pricked in tinfoil, thus giving an illumination of 10 niicrolux (about that 
due to Venus unaided). It was not discoverable with certainty by means of 
bridge So Ifo. 3, but was easily discovered by means of a bridge of resistance 
20,000 ohms, which could l)e worked with 15 volts. The *‘ami>litude ” was 
iri divisions, derived from 20 alternate readings, during which, however, 
there was a strong drift owing to change (jf teiuiierature. The efficiency is 
the same as in case of hole G. 

Comparison with Fotassiuvi Photo-electric Cell, ^ 

It is of interest to compare the above results with the best i>erfoTinance 
of a potassium photo-electric photometer described by Elster and GeiteL* 
Tliey placed a minute hole 0*038 sq. mm. in area in front of an amyl acetate 
lamp at 9*3 m. The illumination thus received was 3 microlux. The photo- 
electric current was then 6*7 x 10“^* aiupAre. With 10 microlux, in the lost 
experiment, the current was 0*0222 ]nioro-ami)eTe. Selenium, therefore, with 
the same illumination and extent of sensitive surface, is capable of giving a 


♦ J. Elster and H. Geitel, 'Phya. Zeifcachr./ 1912, vol. 13, pp. 468 and 739. 
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measurable effect at least 100,000 times greater than that furnished by a 
potassiam photo-electric cell. 

Comparison tviih the Human Eye, 

The sixth magnitude is usually assumed as tiiat of the faintest star clearly 
visible to the naked eye. Zdllner estimated tlio ratio of the brightness of the 
sun and Cafiella as 56,700,000,000. The sun's vertical illumination has been 
put at 60,000 lux (Exner). This would make the illumination due to Capella 
(magnitude 0‘2) 0*9 microlux. A star of magnitude 5*2 would then give 
an illumination of 0*009 inicrolux, and an illumination one-third of that 
would have to be considered the limit of human vision. Let us call it 
3 milli-microlux. 

All attempt to test this limit experimenUlly was made as follows : — 
A 10-volt I candic-powor electric lamp was encased in a cylinder closed with 
a disc of ground glass. To secure an even illumination of th^ latter, the 
cylinder was lined with white cardboanl. An image of this <iisc was thrown 
by a Jena on to another ground-glass screen G. Ttio lens was 8topi)ed down 
by an iris diaphragm until the whole luminosity emitted by the screen G 
approached the limit of accurate comparison with a pentane lamp. At that 
point, the candle power of 6, in the direction of the original beam produced, 
was found to be 0*00142, as comj)ared with the pentane standard. The 
experiments wore coriducte<l in a dark room, and the eye was carefully 
protected from all stray light. 

Further reductions were then made by inserting small measured 8to}>s into 
the iris diaphragm. Wlien the area of the stop was 0*0007 sq. cm,, the 
computed candle power of the illuminated surface of G, 5*7 sq. cm. iji area, 
was 0*125 micro-candle. A faint “star” was then produced by placing 
a small stop on tlic ground glass G. A stop of area 0*0064 sq. cm. was not 
visible at all A stop of area 0*0079 sq. cm. was visible after 10 minutes* 
accommodation to complete darkness, and a stop of area 0*0178 sq. cm, was 
clearly visible, Avertetl or “ rod vision was employed in ever}” case as 
a final test. The object was 20 cm, from the eye. The caudle powers were 
respectively 0*142, 0*175, and 0*395 milli-micro-candlos. The illuminations 
at 20 cm. were 3*55, 4*36, and 9*9 milli-microlux respectively. Another 
observer obtained the same results, except that it was veiy difficult to 
perceive the second stop. On the whole, the results show a satisfactoiy 
agreement with the star estimates. 

It was next attempted to find the limit of visibility of a faintly illuminated 
surface. The surface examined was the ground glass G, with the iris 
diajffiragm stopped down by means of very minute holes pricked in tinfoil. 
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The results showed tliat a siirface becomes invisible when its intrinsio 
brightness is less than candles per square centimetre; 1 sq. cm. 

of the barely visible surface gives an illumination of 10 milli>miorolux at 
20 cm. If its brightness Wei's concentrated at a point, that point would be 
clearly visible. The eye, therefore, suffers in sensitiveness when the light is 
(lifhised. The selenium detector does not. If the two were equally sensitive 
to a point source, the selenium detector would be more sensitive than the eye 
for faintly illuminated surfaces. 

TJie Iluxea of light discoverable by the eye are very minute. In the «lark, 
the diameter of the pupil is about 6 mm., and its area 0*28 sq. cm. With an 
illuniiriation of 3 milli-microlux, the Hux received is 8*5 x 10~^* lumen. This 
is, therefore, the minimum flux of light perceptible to the eye. 

The TheoMifoX Instrument Limit. 

The limit reached with the experimental arrangements described above is 
still very far removed from the limit theoretically attainable with the most 
sensitive instruments now available. This is evident from the fact that a 
potassium photo-electric cell closely approaches the eHiciency of the eye, 
although the current obtainable from it is 100,000 times feebler than the 
current furnished by the selenium bridge. Elster and Geitel worked with 
currents of the order of 10"'* amp^re, which represents approximately the 
present-day limit of current measurement. Now if a current of the orfer 
of 10~® ainp6re is oLUiined with an illumination of 10 microhix, a current of 
10"'* ampi'ro should, if the square-root law* holds throughout, be obtainable 
with an illumination of 10"“ microlux, or the unaided illumination of a star 
of the 23rd magnitude, which is invisible in ttie most powerful telescope 
hitherto constructed. If, on the other hand, the current amplitude varies 
simply as the illumination, an illumination of O'Ol milli-microlux should be 
discoverable, which is at least 100 times less than that discoverable by the 
eye, so that stars of the 11th magnitude should show an electric effect 
unaided. This advantage over the eye would be kept whatever the optical 
system, so that a larger telescope would give no advantt^ to the eye 
without giving it to the selenium detector to the same extent. Selenium, 
therefore, offers an extension of our field of perception far beyond present 
optical or even photographic limits. 

Beari'eig on the Theory of 

Tlie efHoienoy of a launp which converts the entire energy supplied to it 
into luminous radiation of the most visually advantageous type is 66 candles 
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per watt. This value, given by Buisson and Fabry,* is intermediate between 
the values found by Drysdale and by Hyde, who obtained 17 and 72 respec- 
tively. That portion of the total flux of energy from a Hefner lamp which 
lies within the visible spectrum is about 200,000 ergs per second. The 
portion intercepted by 1 sq. cm. at 1 m. is 1*6 erg per second. This is the 
equivalent of 100 micro-lumen, and the illumination is 1 lux. 

The eye, as we liave seen, can perceive an incident luminous energy of 
8’6 X 10“** lumen, which is equivalent to 1360 x 10““ ergs per second. 

Planck'st energy quantum for a frequency n is 6’56 x 10“** x n erg. For 
a frequency 0‘58 x 10"*®, which is that of maximum visibility, the quantum 
is 3'8 X 10"*® erg. 

The number of quanta received by the eye when receiving the minimum 
visible light is, tlicreforo, about 360 per second. Any instrument, therefore, 
which has a sensitiveness 1000 or more times greater than that of the eye 
may be effective in discovering discontinuities in the light emission at feeble 
illuminations. As selenium is by far the most efficient detector known, the 
efforts in this direction made by N. Campbell^ with Na-K alloy cells should 
be repeated with selenium bridges. 

Effect of Invisible 

In comparing the efficiency of selenium with that of the eye or of other 
detectors, it is necessary to deduct the effect of the invisible s^>ectrum. The 
maximum energy of most terrestrial souiees of light is in the infra-red, and 
if selenium were, like the bolometer or the thcrmox>ile, simply a detector of 
radiant energy, its performances in detecting sources of teiTestrial radiation 
could not be regarded as evidence of superiority in detecting visible 
radiations. 

In order to study this question experimentally a new form of selenium 
bridge was constructed, consisting of a porcelain rod 0-25 cm. in diameter 
and 5 cm. long. Two thick parallel pencil lines were drawn lengthwise 
along the rod, leaving a clear white line 0*05 cm. wide and 4 cm. long 
between them. Tho white line was then bridged over with selenium, which 
was then sensitised. The result was a "line bridge " suitable for spectro- 
scopic work. After constructing 1 3 such elements the most sensitive was 
chosen. It had a normal galvanometi ic efficiency of 250 micromhos per lumen. 

This line bridge was exposed to the spectrum of a Nernst lamp produced 
by a 60° flint glass prism. The visible spectrum was 5-5 cm. long. That 

* Buimon and Fabry, ‘ Coinptes Rendua,’ 1011, voL 153, p. 254. 

+ M. Planck, ‘Ann. der Phys.,’ 1901, vol. 4, p. 653. 

t N. Campbell, ‘ Camb. Phil. Soc. Proc.,' 1910, vol. 16, p. 513. 
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portion which aiTeoted the aelenium was not longer than 8 cm. It was 
divided into half centimetres, and the line bridge was successively placed at 
each division. Half minute "amplitudes'* were taken for each position, 
moving the bridge first from ultra-violet to infra-red and then in the opposite 
direction. The mean amplitudes so obtained for each position were divided 
into two groups, those for the invisible spectrum and those for the visible 
spectrum respectively. Expressed in peroontuges of the total radiation the 


effective energies were — 

Ultra-violet 1‘4 

Visible 72-8 

Infra-red 25’8 


100-0 

Although it is evident that the invisible radiations are not in tlie 
aggregate as effective as the visible rays, the above figures do not necessarily 
represent the quantitative distribution of the eifcctive energies. The latter 
cannot be accurately obtained without ascertaining the law of light action 
for each radiation separately. 

This was done by Pfund* for short exposures and for two different 
intensities. He found a somewhat abi-upt transition at a wave-lengtli of 
6500 A.U, Below that wave-length the deflection was proportional to the 
square njot of the energy, while from 7000 A.U. to the end of the spectrum 
it was simply proportional to the energy. I have already mentioned that 
the deflections so obtained are not necessarily proportional to the total effect, 
and a more detailed investigation of the law of light action will be necessary 
for each part of the spectrum. Meanwhile, tlie following qualitative 
experiment shows that the dissymmetry found hy Pfund does not apply to 
the final deflection. 

The Nernst lamp spectrum was allowed to fall on a ground-glass screen 
closing the front end of a tube 43 cm. long, lined with white cardboard. 
Any portions of the spectrum could thus he recombined separately, and the 
selenium bridge at the other end received a definite portion of the aggregate 
cneigy of whatever parts of the spectrum were transmitted through the 
ground glasa The spectrum was divided into two portions which exerted 
equal actions. The division proved to be slightly on one side of the line C 
towards the blue. Tlie separate effects were always in the a^egaie greater 
than the total effect, showing that the effect varies as a power of the energy 
below the first power. The slit of the spectroscopic arrangement was then 

* A, H. Pfund, ‘Fhya. Bev.,' 1912, vol. 34, p. 370. 
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narrowed or widened, and the selenium exposed alternately to the two 
portions, as before. The intensity was thus varied in the ratio of at least 
5 : 1, but the total deflections were sensibly equal for both portions. This 
shows that there is no great difference in tlie exponent of the energy for the 
two branches of the resonance curve. 

The general result for the spectral distribution of the effective energy is 
that about tliree-quarters of the total effect are due to visible radiations, even 
when the energy maximum is in the infra-red, as it is in most terrestrial 
sources. This proportion is maintained, or exceeded, with faint illuminations. 
If Pfund’s relation held good, selonium would be sensible to none but those 
radiations which l)elong to tlie visible spectrum, if the light were faint 
enough. In any case, only some 30 per cent, at most need be deducted 
from the oliseived effect in selonium in order to reduce it to visible light. 

The Detection of Small Changes of Bi'ighUicss. 

The limit of accuracy in j»hotometric estimates is generally recognised to 
be i per cent., and as tliere is no oi)tical means of increasing the contrast of 
two extended surfaces, a liinitalion is thus imposed upon the estimation of 
brightness such as physicists are not content to accept in oilier measure- 
ments. Contrast can be increased by photography almost indefinitely,* 
but it is a lengthy process, and gives no measure of the original contrast. 
It is therefore of interest to inquire whether selenium, Ixjsides being efliident 
as a detector of feeble light, is superior to the eye as regards the appreciation 
of minute diffei'ences of illumination. 

To take a concrete case. A selenium bridge of efliciency 1000 will give 
1000 luicro-ampires with one v(»lt if its surface is 1 Hcp in. and the illumina- 
tion 1 lux. With an illumination of 10,000 lux (feeble sunlight) the current 
will be 100,000 micro-amperes (assuming the square-root law), or 10 micro- 
amperes if the sensitive surface is only 1 sq. cm. A difference in the illumination 
amounting to 1 per cent, will make a difference of ^ per cent, in the current, 
or a difference of 0’05 micro-ampfere (say, 100 divisions on the scale of a 
sensitive galvanometer). Tliere is, then, no I'eason why a ditfeienoe of 
O'Ol per cent, should not be electrically discovered, which, of c<jurse, is quite 
beyond the power of the eye. 

Tlxis conclusion was confirmed by a number of ext>eriments, one of which 
was the following : — 

A ground-glass disc, 25 sq. cm, in area, was illuminated by a lamp from 
above. The disc then transmitted a light ecpiivalent to 1/8 candle. A 
selenium bridge placed 25 cm. below the disc vras exposed to this light, ami 
* E. E. Fournier d'Albe, ‘Roy. Dub. Soc. Proc./ 1009, 12, vol, 11, p, 97. 
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was connected up to a P.O. resistance box. A battery of 8 volts and a 
Broca galvanometer adjusted to give 100 divisions per micro-amp6re were also 
connected up. A(^UBtinent lieing made for equilibrium, a black thread 
^ mm. thick was drawn across in contact with the ground glass sur&oe. 
When passing across the centre of the disc it shaded off 0*6 per cent, of its 
area. A deflection of 8 divisions was obtained on the galvanometer. With 
20 volts a deflection of 20 divisions was obtained. It was possible, then, to 
discover a variation of 0*03 per cent, with this comparatively insensitive 
arrangement. It is evident, therefoi'e, that for such purposes as photometiy 
and half-shadow polariinetry the selenium bridge must l)econie a valuable 
accessory, capable of bringing these measurements up to the level of accuracy 
of other standard physical determinations. 


1. The efficiency of selenium preparations usetl for detecting light is 
strictly defined, and standard conditions are chosen for determining it. 

2. The efficiencies of some selenium ])reparations are evaluate<l from data 
given in previous publications. 

3. Exiwriments are descriljod which were made in order to detect mimite 
quantities of light by means of soleninm. 

4. The minimum illumination reached is 10 microlux. 

5. The law of light action is investigated, and shown to be, in tlie main, a 
square-root law, down to tlie feeblest illuminations. 

6. The theoretical limit of light action discoverable by means of present- 
day methods and apparatus is calculated, and shown to 1)e, with selenium, 
very far beyond the jiower of the eye. 

7. It is shown that this oilers a means of deciding the question of the 
discrete stnicture of radiant energy (theory of quanta). 

8. It is shown, theoretically and experimentally, that selenium ap}>amtus 
is capable of discriminating difl'erences and variations of luminosity quite 
inappreciable to the eye. 



91 


Experiments on the Flov) of Viscoits Fluids through Orifices. 

By G. F. Davidson, B.E. (Sydney), B.A. (Cantab.), 1851 Exhibition llescarch 

Scholar. 

(Communicatod by Prof. B. Hopkinson, F.li.S. Koeeived May 23, — Head 

Juno 2C, 1913.) 

This paper deals witli an experimental investigation of the flow of liquids 
through a round hole. In most of the experiments a fairly thick oil was 
used, and by varying its temperature the kinematic viscosity could be varied 
about a thousand -fold. It was possible by this means to change the 

character of the motion continuously from the type determined almost 
wholly by viscosity to the form in which the resistance was mainly due to 
inertia, and to follow the corresponding change in 
the relation of resistance and flow. 

When the extieriments were first undertaken it 
was hoiied by comparing oxperiuicnts with orifices 
of different sixes, and in which the viscosity and 
rate of flow were suitably varied, to obtain con- 
ilrnmtion of the law of similar motion in viscous 
fluids. It was found, however, that this law did 
not hold, and the cause was discovered to be that 
the stress in this oil is not proportional to the rate 
of distortion. 

Fig. 1 is a diagram of the apparatus used. The 
tube A was 20 cm. in diameter and 150 cm. long, 
closed at the bottom by a horizontal brass plate 
with an orifice at its centre. This tube W'as held 
ill the centit^ of a tank 75 cm. in diameter and 
150 cm. high. The tank was a closed vessel with a 
small cock C for admitting air under pressure and 
an aperture B, 10 cm. in diameter, by which the air 
pressure inside the tank could be suddenly released. 

The apparatus stood in a vertical position with the 
orifice immersed, say, 10 or 20 cm. below the surface of the fluid in the tank. 
Air pressure in the tank forced the fluid up in the tube A, so that the two 
surfaces of the fluid were about 100 cm. apart On opening the aperture B 
the fluid in A flowed through the “ drowned ” orifice under a “ falling head ” 
until the two surfaces of the fluid came to the same level. 


timf ' ^ 
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A float on the fluid inside the tube had a strip of paper attached to it 
which passed over a very freely running and evenly balanced aluminium 
wheel, and was held taut by a small weight attached to it. This strip of 
paper was blackened and passed underneath an electrically operated stylus 
which marked on it equal intervals of time (such as seconds for an orifice 
2 cm. in diameter) as the level of the fluid fell in the tube A. The record 
was fixed with varnish, and from this the velocity of the surface of fluid in 
tube A can be found at any head, because zero head is marked on the paper 
at the end of each experiment when the fluid is at the same level inside and 
outside the tube. 

Corrections in head are made for the variation in level of the fluid in the 
outer tank as the column of fluid inside the tube falls. Connections in 
velocity are made for the velocity of approach. The correction required 
owing to the retardation of the falling column giving a greater head than 
the record showed was quite negligible. 

Knowing the dimensions of the tube and the velocity it was possible to 
calculate the actual discharge. This divided by ^{2 x area of the orifice 
gives the coefficient of discharge, which we call CV Thus C^ can be plotted 
against head. 

Actually, the records were measured up and two curves drawn, showing 
velocity and head each to a time base. Convenient readings of head were 
taken from these faired curves, and from the corresponding values the C^ 
was calculated so that the Cd against head curves do not show experimental 
errors. These errors were small, and the ** fairing ** of the original curves 
(to a time base) was almost unnecessary, the points being usually within 
1 per cent, of tlie smooth curve. 

Three orifices were used. They wei-e 4, 2, and 0\5 cm. in diameter, and 
were made in plates 3*2, 1*6, and 0*4 mm. thick respectively. They were 
made geometrically similar by having the e<lge of the orifice rounded to a 
semicircle whose diameter was the thickness of the plate. 

The fluid used was a heavy engine oil of good quality, with a flash point 
of 260° C. About GO gallons wei-e used in these experiments. It proved 
very suitable, and as it was kept in a closed vessel it remained perfectly 
clean and uniform during tbe 18 months it was under observation. It 
showed no signs of streakincss, although, of course, considerable care was 
needed to get such a large quantity at a uniform tenii»erature when it was 
very viscous. In such cases it was " explorerl ” with a resistance thermo- 
meter. 

* Where H is the difference in level of the two surfaces of the fluid at any instant and 
a is the acceleration due to gravity. 
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A wide range of viBcoBities was obtainable by varying the temperatnre. 
The value of /t/p was about 200 at 11° C., and 0T4 (about the same as for 
air) at 110° • 

The viscosity was measured by allowing 1 26 c.c. of the oil to flow under a 
small head tlirough a tube 6-2 cm. long and 6*1 mm. in diameter. The 
viscometer was simply a sidierical bulb with two tubes attached to it opposite 
one another, and held in a vertical position. 

Errors were looked for both with water and oil, on account of wall effect, 
vortex motion, and ballliiig action by the bottom of the tank. 

The wall eflect was examined by putting sleeves of various <liameters 
inside the largo tulKj A, aiul observing wdien a variation in the coeflicient of 
discharge due to this caust? Ixjfjamo jM'ioeptible. It was found to bo negligible. 
The absence of vortex motion, thiit is the fluid swirling round so that a 
particle follows a spiral i)ath towards the orifice, was ijroved by observing 
small floating bodies. 

A baffle plate, distant only one diameter of the orifice away from it on the 
downstream sale, had no effect on the C^. Accordingly, the results are 
consideml to be accurate within 1 per cent, for one infinite fluid flowing 
into another tlirough this sort (*f round-edged orifice. 

The working of the apparatus was tested with water flowing through 
sharji-edged orifices of 2 cm, and 4 cm. diameter. The results ag^ed well 
with those obtained by other experiineiiters. 

It is intei'estiiig to note that with tins arrangement it is possible to 
measure the at niiudi lower heads tlian in the case of an orifice dis- 
charging into air, because the surface of the fluid can be remote from the 
orifice, and is not affectctl ]>y the mot ion there. 

For water the Crf for a “ drowned " orifice as compared with a “ free ” dis- 
charge is only reduced about 1 or 2 per cent. 

A non-viscons fluid would have a constant Crf at all heads (somewhere 
about 0*7 for tlieso orifices) until the pressures are such as to produce 
appreciable changes of density. I'he value wliich the Crf should have wlien 
flowing through an orifice in a thin plate into space has not been calci dated 
for a circular orifice, although it has been for a long rectangular one. 

Many exi»eriments have been made to determine this Crf. which is in the 
neighbourhofxl of 0*6 for circular orifices with sliarji) edges. 

With viscouH fluiilH at low heada viscoHity becomes relatively important, 
and the effect of inertia nej;li>jible. The velixjity then is proportional to the 


m/p. 


Throughout the paper the word “ viecosity ’’ is used to signify the kinematic viscosity 
denoted by v, 

I 2 
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head, and tlie curve against head (H) should be a parabola, since Cd ift 
really a measure of V -r-y/H. 

Itmilta for OiL — Fig. 2 shows a set of cuvnch of Crf against head for the 
oritice, 4 cm. in diameter. 

The dotted lines for tho curves at viscosities of 24*5, 49*7, and 206 



C.G.S. units are the iwirabolas which the curve approximately follows under 
tlie low heads. Tliat it doe.s not do so completely is due to the fact that the 
viscosity of the oil is not imlependent of the rate of distortion, a point whicli 
is referred to later. 

It is interesting to note the relative effects of the viscosity and inertia 
forces. Up to a Cj of, say, 0*3 the curve rises shaiply, fulfilling more or 
less tho imrabolic law, but above tliis the inertia forces tend to flatten* it 
until at a Cd of 0*65 the inertia effect is predominant, and the curve continues 
as an approximately straight line parallel to the H axis. 

The general effect of viscosity is to turn the curves downwards. 

Fig. 3, however, shows a curve for water, whose viscosity is about 0*01, 
which actually is curved in the opposite direction, and the flat part of its 
curve hiis a below 0*66, while the viscous oils rise to 0*7. 
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On this figure also are shown three curves for fluids discharging through 
this round-edged orifice into air. It is interesting to note the small diffemnee 
between the two curves for water. The two curves fur oil discharging freely 



can also be (;oini>ared with the (;nries|ionding ones for the <lrowned orifice, 
and it is to Im? obsio ved that the ditterence I).^conies inoro inarketl as the 
viscous forces l)ecoijie more important. 

One would exiu^ct tho flat part of the CVH curve to attain the same 
value for all fluids. The cuiious thing is that, for a mobile fluid like waUu-, 
flowing through a 4 cm. orifice, the flat pait of the curve is eonsitlerably 
lower tlian that for the viscous oils. The water curve (even for the 
drowned orifice) also curves upwards, and at low velocities rises above the 
upper limit prescribed by inertia. 

Another curious point is that at high heads with drowned orifices (as with 
air*) the curve is not truly flat, but varies slightly as the head increases. 

These variations are probably caused by tlie viscous forces increasing the 
coefficient of contraction He, and decreasing the coeflicient of velocity 

For the coefficient of discharge, = C» x Cc 

A viscous medium round the issuing jet, and the viscous resistance near 
the surface of the plate in tlie neighbourhood of the orifice, will both tend to 
* Watson and Schofield, 'Froc. Inst. Mecdi. Eng.,’ May, 1912. 




96 


Mr. G, F. Davidson. Experiments on the 


increaBe the contracted ai*ea of the jet by giving the fluid a rotation 
outwards. In this way the Cc niay be increased, while the inertia forces are 
HO largo as to keep C„ nearly unity. 

Hence, at high velocities, the more viscous the fluid, the higher the flat 
part of the curve will be, as is shown by water and oil in these curves. 

It is curious to find a friction effect like viscosity actually increasitig the 
quantity dischargeil per scc^ond. At low heads with water, this same effect 
causes the to rise above the value for the flat part of its curve, but, with 
a more viscous fluid, the is so reduced that it overcomes the increase in 
and HO the Cj is reduced and the curve is concave downwards. 

It is of interest to apply to those i*esults the principle of dynamical 
similarity.* 

Consider the motion in an experiment in wliich the fluid has viscosity y 
anti the orifice is of diameter d. If the length scale of the motion be 
altered in the ratio L, and the velocity at t»veiy point luultiplied by a 
constant V, a geometrically similar motion will be derived going through a 
siniilur orifice of diameter Ld. This second motion will in general be 
dynamically possible if, and only if, the viscosity of the fluid i\\ which it 
occurs is Ki/, where VL/ll is unity. Further, if this condition bo fulfilled, 
the pressure at corresponding points, and, therefore, the lieads under whicli 
these two motions go on, will bo in the ratio V^. 

Conversely, if H be the heaci in the first case, then the similar motion so 
derived from it will be that whicli actually occurs when fluid of viscosity Kv 
flows through a tube of diameter under a head V^H. And if in any two 
exiieriments the liead, the viscosity, and the diameter are so related that 
d^Hfv is the same for both, then the motions must be Himilar in these two 
cases, and the velocities at con'esponding points, and, therefore, the average 
velocities which then hold, will bo in the ratio of the square roots of the 
heads. Since C^ is etpial to average velocity -Hy/( 2/7H), it follows that it 
must be the same in both cases. That is, C^ should be the same in all cases 
for which VL/v is the same, where V might be taken indifferently as 
representing the average velocity of the flow% or the square root of the head, 
L as the diameter, and v as the kinematic viscosity. 

In figs. 4 and 5 the values of C,^ found in these experiments are ^dotted 
against VL/k 

From these figures it is seen that varies from 0*2 to 0*4 when VL/v = 2, 
from 0*4 to 0*6 when VL/v = 10, and so on. 

Tlie experimental errors are considered to be well within 5 per cent. 


* Dr. Stanton, 'Trans. Inst. Nav. Arcba.,' March 22, 1912. 
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The variation of in different experiments for which YL/v is the same 
can only be explained by the failure of one or more of the assumptions under' 
lying the application of the principles of dynamical similarity to fluid motion. 
These assumptions are : (1) That the stress varies as the rate of distortion. 




Fio. 5. 


(2) That gravity docs not determine the motion except in so far as it produces 
differences of pressure at jjoints where the fluid is at rest. 

That the second assumption is fulfilled in these experiments was proved by 
reversing the flow. The same results were obtained whether the flow was 
upwards or downwards through the orifice. 

That the first assumption is not fulfilled for this oil is suggested by the 
divergence of the C<-H curve (fig. 2) from the parabola, when the inertia 
forces are unimportant. 

In order to determine the amount of variation of viscosity and its possible 
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effects an absolute viscometer was made. Itconsiatetl of a glass tube lOJ cm. 
long, and 2 mm. diameter, thi*ough which 220 c.c. of oil were caused to 
flow by aiv pressure. Ti\e air pressure came from a reservoir of 40,000 c.c. 
capacity, and was measured by a manometer. The volume of oil was 
measured in a sphericfil bulb of 220 c.c. capacity. There was one of these 
bulbs connected to each end of the capillary tube by about 4 cm. length of 
piping H cm. internal diameter. 

The viscomeUir was contained in a largo water-bath to keep its temperature 
constant. The temperature was kept consLant and the time of flow was 
measured. The head varied from under 4 cm. to over 52 cm. of mercury. 
The viscosity Wiis calculated from the ordinary expn^ssion for flow in tu})e8 
and reduces in this case to v = constant x time of ofllux x head. The 
critical velocity (mean) would be about I'xlO^ cm./sec. in this apparatus. 
Since the actual mean velocity never exceetled 15 cm./sec., and v was over 9, 
there was no possibility of eddying motion. The appiiutus was designed to 
give roughly the same average rates of ilistortion as occurred in the principal 
experiments with the orifices. 

Owing to lack of time the variation of v was only thoroughly examined at 
one temperature, namely 25° C, A few reatlings were taken at 25° C. (where 
V is about 4) which showed the same sort of variation os those at 25° C., hut 
not to such a marked extent. 

The values of v found varied from 13 7 to 9*4, and are shown on fig, 6 
plotted against the rate of distortion, both being in C.G.S. units. The value 
of V found in the first viscometer fits nicely on this curve. 



Rate of Dirttortion (in secs.) = 8V/3 (Rad. of Tube). 

Fio. 0. 

The variation of viscosity with rate of distortion precludes any application 
of the laws of similar flow to these experiments, because the rate of distortion 
varies from point to point, and the corresponding changes in v will alter the 
form of the flow. But generally s|)eaking the effect of the changing viscosity 
is that the values of v assumed in calculating the results exhibited graphically 
in figs. 4 and 5, are too high, the error being greater at the higher viscosities 
If allowance be made for this by taking in each case the value of v corre- 
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Rponding to the actual average rate of distortion in that experiment, the result 
is to reduce somewhat the range of values of Yhjv correspcuiding to any 
given Crf. Thus the variation of viscosity may bo said to furnish a qualitative 
explanation of the large divergences in this oil from the accepted laws 
governing similar motions. 

It is perhaps worthy of notice that there were imlications of a want of 
proportionality between stress and rate of strain in this oil even when it was 
as mobile as air. 

This work was done at the Kngiueering Laboratory, (Cambridge, and I wish 
to express my thanks to Prof. Ilopkinson for his kind help and inspiring 
interest. 


On the Electric Effect of Rotating a Magnetic Lisxdntor in a 

Magnetic Field, 

By Marjokie Wilsox, B.A.. M.Sc., and H. A. Wilson, D.Sc., F.R.S., Professor 
of Physics, llice Institute, Houston, Texas, U.S.A. 

(Ucceived May 26,- Read June 19, 1913.) 

In a previous paper* by one of ua it was shown that when an insulator of 
specific inductive capacity K rotates in a magnetic iield there is an electro- 
motive force induced in it eciual to that in a conductor multiplied by 1— Iv”\ 
The object of the cxperinionts described below was to measure the induced 
electi emotive force in a magnetic insulator rotating in a magnetic field 
parallel to the axis of rotation. 

According to the theory based on the “principle of relativity” this 
induced electromotive force should be equal to that in a conductor multiplied 
by 1— (^K)“\ where is the magnetic permeability of the insulator, whereas 
on the theory of H. A. LoreiiU and I^irmor the api>ropriato multiplier 
appears to be 1 — K"^ as for a iion-magnetic insulator.f 

No insulator is known for which ^ differs appreciably from unity, so that it 
was necessary to construct a sort of model of a magnetic insulator. The 
insulator adopted consisted of wax, in which a large number of small steel 
spheres was embedded. The spheres weie ^ inch in diameter, an<l each one 

♦ “ On the Electric Effect of Rotating a Dielectric in a Magnetic Field,” l)y H. A. Wilson, 
‘Phil Trans.,’ 1904. A, vol. 204. 

f M. Abraham, * Theorie der Elektrizitfit,’ vol. 11, p. 322. 
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was coated thinly with sealing wax. The coated spheres were packed t^htly 
and melted paraffin wax poured into the empty spaces between them so as 
to form a solid mass. 

The insulator was in the form of a hollow cylinder with inside and outside 
metal coatings, and was rotated in a magnetic field parallel to the axis of 
the cylinder. The outside coating was connected to one pair of quadrants 
of a quadrant electrometer, the other quadrants of which were earthed. If 
an electromotive force £ is induced in the cylinder and this raises the 
potential of the outer coating by Y volts, then 

E = V(C + C')/C, 

where C is the capacity lietween the inner and outer coatings, and C' the 
capacity of the electrometer connecting wire and outside surface of the outer 
coating. The inner coating is supposed earthed. 

If the potential of the inner coating is raised by an amount £', and this 
raises the potential of the outer coating by V', then 

E' = V'(C + (’')/C. 

Let the electrometer deflection due to V be d and that due to V' lie d'. 
Then we have 

_ V _ d 
E' “ V'” d'‘ 

Thus E can lie found in terms of (f, d\ and E'. Another way is to earth 
the outer coating and charge the inner one to a potential E', then insulate 
the outer coating and afterwanls earth the inner one. In this way a 
charge — CE' is given to the outer coating which raises its potential to 
V' and 

-CE' = V'(C4C'). 

This second method has the disadvantage that it requires the outer 
coating to be earthed, so that errors may arise due to electric effects produced 
by opening the key connecting the outer coating to the earth. Alsu in the 
first method the potential E' acta in exactly the same way as the induced 
electromotive force, so that errora due to bad insulation affect both V and V' 
equally, and so are eliminated. The first method was therefore adopted. 
In the earlier experiments referred to above a small standard condenser was 
used to give a known charge to the outer coating, and the capacity of the 
cylinder was found in terms of that of the ootideiiaer. This method was less 
direct than that now employed. 

The inner coating was connected to earth through a 10-ohm resistance 
which could be connected through a 90- ohm resistance to a dry cell. The 
potential difference between the ends of the 100 ohms was measured with 
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a Wesfcon voltmeter. When the cell was not connected the inner coating 
was earthed, and when it was connected the inner coating was raised to 
a potential one-tenth of tliat indicated by the voltmeter, which was usually 
1'450 volts. 

The apparatus was that used in the earlier investigation, with some 
improvements in detail. The oylindor was 373 cm. external diameter, 
2 cm. internal diameter, and 9*5 cm. long. The outside surface of the 
cylinder was covered with a brass tube 0*6 mm. thick, and another bi-ass tulje 
fitted the inside surface. Tlie inner tube was mounted on a shaft, from 
which it was insulated, and the sliaft was mounted betw'eeii fixed conical 
bearings and could be rotated by means of a belt driven by a motor. 

The cylinder was surrounded by a large solenoid which produced a magnetic 
field parallel to the axis of rotation. 

Two small brass wire brushes made contiiut, one on the middle of the outer 
coating and the other on the inner tube close to one end of the cylinder. The 
arrangement of the brushes is sliowii in fig. 1. Each brush was kept pressed 



AA. 

Outer costing of rylinder 

ww. 

Bjii'h on bi'ush rod^. 

BB. 

Inner coating of cylinder. 

K. 

Key for earthing outer coating. 
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B. 
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xxxx. 
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V. 

Voltmeter. 
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down lightly but steadily by the weight of a brass bar fastened at right 
angles to the end of the rod supporting the brush as shown. The inertia of 
these bars prevented the brushes frem jumping when the cylinder was 
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rotating quickly and they could be adjusted so that the pressure on the 
brushes was very &mall. This new aiTungement of the brushes caused a 
great improvement in the working of the apparatus. The electrometer and 
the wire leading to it were completely enclosed in a metal case which, with 
the solenoid, formed a complete electrostatic screen around the insulated 
system. The inside of the solenoid was kept cool by means of a water-jacket. 
The speed of the cylinder was found with a revolution counter driven by a 
worm gearing. 

To make a determination of the induced electromotive force in the cylinder 
the electrometer deflection due to changing the potential of the inner coating 
by about 0'145 volt was first observed and then the cylintler started and its 
speed found. The effect of reversing a known current in the solenoid was 
next observed. The speed and sensibility were then again measured. The 
speed of the cylinder always remained constant within the limits of error. 
The sensibility also remained constant over long periods. The electrometer 
scale reading was very steady while the cylinder was rotating and the effect 
of reversing the current could be easily and exactly observed. In fact with 
the new arrangement of the bruslies no difficulty in making the observations 
was experienced and the accuracy seemed to be limited only by the smallness 
of the deflectioiiH obtained. The cylinder insulaUul well. 

There was no effect due to running the cylinder in the absence of a 
magnetic field and no effect due to reversing the current when tlie cylinder 
was at rest. Tlio speed and sensibility were not changed by the current in 
the solenoid. The sensibility was the same when the cylinder was running 
as when it was at rest. 


The following table contains a set of results obtained ; — 


ll«ToUttionB 
per necotid 
(«) 

Klectromi'ter 
nonnihility 
(soiiIetlmBiuriB 
per Toll). 

Curreut 
rerewed in 
amperes, (r). 

Deflect ion. 

EfTect in volts 
(fi). 

E/("o). 

09*0 

181 

7 ft 

ft *63 

0*0.306 

4 *16 X 10'‘ 

98*5 

! 184 

1ft 0 

11 *4 

0 -0620 

4-20 

98-5 

1H4 -6 

10 0 

7*6 

0-0412 

4-18 

108-0 

1K5 

1413 

21-5 

o-iieo 

4-14 





Mean 

! 4-17x10-* 


It will be seen that the induced electromotive force is very nearly propor- 
tional to the current reversed atid to the number of revolutions per second. 
After these observations were made it was found that running the cylinder 
had produced a narrow air gap between the inner tube and the wax. This 
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was filled up by slightly warming the cylinder and forcing down the mixture 
of wax and balls at the ends of the cylinder so that the mixture was very 
tightly pressed against the inner and outer tubes. 

The best results could be obtained at about 100 revolutions per second. At 
greater speeds the electrometer reading was not always quite steady and at 
smaller speeds the deflections were too small. A set of six concordant 
measurements of the eftecl due to reversing about 14 ampires at 100 revolu- 
tions per second was therefore obtained and the mean of these was adopted 
as representing the result of the experiments. The moan results were as 
follows : — 


Bevolutions 
per Beooad 
(»). 

Kloctrometer | 
sensibility. i 

1 

Current 
reversed (r). 

1 

1 

Deflortion. 

! ._ 1 

Induced 

K M F. (K). 

K/(«r). 

104. ‘0 : 

1 

2S0 j 

14 34 

15-4 

0 0616 

4 -lax 10'* j 


It will be seen that this result agrees closely with the others. 

In order to compare the observed effect with that in a con<luotor, it is 
necessary to know the magnetic induction through tlie cj Under, Corrections 
for the induced electromotive forces in the metal coatings have also to be 
appUed. 

The change of average induction through tlie cylinder and its outer coating, 
due to reversing a current in the solenoid, was found hy means of a spiral of 
fine wire wrapped round it uniformly from end to end. This spiral was 
connected to a ballistic galvanometer, and tlie secondary coil of an accurately 
known mutual induction was included in tlio circuit. Tlie current in the 
primary of the mutual induction was measured with the same ammeter that 
was used to measure the current in the solenoid. The induction was found 
to be proportional to the current from 6 to 15 amperes, and to be equal to 
4210 per ampire reversed. A second determination of this quantity was 
done, using a coil of two turns round the cylinder The imluction through 
this coil was found for a series of equidistant positions along the cylinder 
and the mean induction through the cylinder calculated. Tlie result was 
4200. The mean of the two results, 4205, was adopted. The difference 
between the mean area of the windings and tlie area of cross-section of the 
cylinder was, of courae, allowed for. The field at the windings was taken 
equal to that due to the solenoid in the absence of the cylinder. 

The mean induction in the hole through the cylinder was found with a coil 
which could be slid along inside when the cylinder was supported in its usual 
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position with the inner tube and shaft removed. This was found to be equal 
to 569 per ainp&ro reversed. The field at the centre of the solenoid in the 
absence of the cylinder was found to be equal to 205 for a current of 
2 amperes, which is the same as the value found in the earlier investigation 
done in the Cavendish Laboratory. 

It was found that near the ends of the cylinder there was a stronger field 
than inside the liole through it. This, of course, was due to the magnetisation 
of the cylinder. In consequence of this there was an induced electromotive 
force in the inner tube which diminished the effect observed. The induction 
through the cross-section of the inner tube at the brush on it was found to 
be 740 per ampere reversed, so that the average potential of the inner tube 
was lowered by the electromotive force due to 740—569 = 171 units of 
induction. 

The Induction through the outer cover was taken to be equal per unit 
cross-section to the field in the absence of the cylinder, which made it 143 
per ampere ^reversed. An error in this quantity would have practically no 
effect on the final result for the ratio of the effect to that in a conductor, 
because it is to be subtracted from both quantities. 

The induction through the cylinder at the brush on the outer cover was 
found to be 5010 per ampero reversed. This is greater than the average 
induction through the cylinder by 5010—4205 3= 805. In consequence of 
this the potential at the brush was raised above the average potential of the 
outside of the cylinder by the potential due to 805 units of induction per 
empire reversed. 

The observed effect, therefore, includes an induced electromotive force due 
to 805 + 143—171 = 777 units of induction per empire I'eversed, acting in 
the metal coatings of the cylinder. This gives 7'77 x 10“® volt per empire 
reversed per revolution per second. Subtracting this from the observed effect 
(4*13 X 10‘“) we get 3*35 x 10"* volt per arapire reversed per revolution per 
second as the observed effect in the insulator itself. 

The average induction through the insulator is 4205 -(143 + 569) = 3493 
per umpire reversed. This would give an induced electromotive force in a 
conductor equal to 3*493 x 10“* volt per umpire reversed per revolution per 
second. The ratio of the observed effect to that in a conductor is therefore 


3*35x10"* 

3*493x10"* 


= 0*9G. 


The value of K for the insulator was found* to bo 0*0 and that of /i to be 
3*0, so that 

1- = 0*944, 1 -K-i = 0*83. 

* For method see earlier paper referred to above. 
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The aocuTacy of the value found for the ratio of the induced electromotive 
force in the insulator to that in a conductor depends on readings of the volt- 
meter and ammeter employed. The electromotive force was found in terms 
of the voltmeter reading, and the induction depends on the product of the 
mutual induction of the standard and the current determined by the ammeter. 
The primary of the mutual induction consisted of a single layer of wire 
wound in a screw thread of 1 mm. pitch cut on a brass tube 5 cm. in 
diameter and 90 cm. long. The screw was cut on an accurate lathe and the 
number of threads was found to be 10 per cm. to within 1 part in 6000. 
The secondary coil consisted of a single layer of 132 turns wound on an 
accurately turned brass cylinder, which fitted into the primary coil. The 
area of the secondary coil was known to within 1 part in 500. The mutual 
induction was therefore known to a higher order of accuracy than the other 
quantities involved. The voltmeter and Rniineter readings only enter into 
the final result as the value of the ratio of tho potential indicated by the 
voltmeter to the current indicated by tlio ammeter, because the same ammeter 
was used to measure the currents in the solenoid and in the primary of the 
mutual induction. The value of this ratio was found by means of a standard 
one-tenth ohm resistance. The following table gives the results obtained : — 


Current through re^iMtanoo 

P D. between ends of | 

E/0. 

by aiiimetor (0). 

refistunce by voltmeter (£). | 

5 

0-500 ; 

0-1 

9 95 

0-995 1 

0-1 

15 

1 '600 1 

0-1 


The ratio E/0 is constant and ecpial to the resistance of the standard, so 
that it seems certain that no appreciable error could have been introduced 
by the ammeter and voltmeter, which were now Weston standard instru- 
ments. It appears, therefore, that the induced electromotive force in the 
insulator agrees approximately with that to be expected on the theory of 
relativity. This theory involves no assumptions as to the constitution of the 
insulator, so that it is applicable to any medium having in bulk an aven^ 
permeability ft and an average specific inductive capacity K. 

The effect to be expected on the theory of H. A. Lorentz and Larmor 
depends on assumptions as to the constitution of the material medium so 
that it is doubtful whether their theory ought to be regarded as necessarily 
leading to 1 — as the value of the ratio of the induced electromotive 
force in the composite medium employed to that in a conductor. 

These experiments therefore confirm the theory of relativity but do not 
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neceasarily confliot with the fundamental asaumptious of H. A. Lorentz and 
Larmor’s theory. They do, however, make it probable that the application of 
this theory to magnetic bodies has not yet been worked out in a satisfactory 
manner. 

[Abie added July 16. 1913. — The specific inductive capacity and per- 
meability of any material medium are average values over volumes large 
compared with the structural units (molecules or larger bodies) making up 
the medium. The medium employed has definite values of these quantities 
for volumes large compared with the volume o{ one of the spheres used in 
building it up. It appears, therefore, to he allowable to apply any 
theoi'etical results expressed in terms of y, and K to the medium used.] 

Our thanks are due to tlio Goverament Grant Committee of the Itoyal 
Society for a grant with wliich a large part of the apparatus used in this 
investigation was originally purchased, and also to the Trustees of the Kico 
Institute for the facilities for experimental work which they have placed at 
our disposal. 


Oti the Displacements of the Particles and their Paths in some 
Cases of T%vo-dimensional AJotion of a Frictionless Liquid. 

By W. B, Moktox, M.A.. Professor of Physics, Queen's University of Belfast. 

(Communicated by Sir J. Larmor, Sec. R.S. Received June 2, — Read 

June 19, 1913.) 

The paths described by the individual particles of a liquid have been 
investigated only in a few cases, excluding those in which the jnotion is 
steady, so that tlie particles follow the sti’cam-lines. Clerk Maxwell,* in 
1870, published drawings tor the paths in an unbounded liquid disturbed 
by the passage of a circular cylinder. The curves for i>article8 in contact 
with the cylinder were plotted by calculation ; the other paths wei’e drawn 
by eye from a knowledge of their terminal points and curvature. From 
these curves were derived others, showing the successive stages in the 
deformation of a row of particles which, before the approach of the 
cylinder, lay in a straight line perpendicular to its motion. 

In 1885, Lord Kelvinf investigated the paths of particles of a liquid 

♦ ‘ Lond. Math, Soc. Proc.,' vol. 3 ; ‘Collected Papers,’ vol, 2, p. 208. 
t * Collected Papers,* vol. 4, p. 193. 
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enclosed in a rotating ellipsoidal shell. He showed that they moved, 
relatively to the shell, along a set of similar ellipses in parallel planes, 
the period of this motion being the same for all the particles, so that 
after this period the configuration comes back to the initial one rotated 
through an angle. 

Later (1889), Riecke* gave diagrams for the cases of translation of a sphere 
and of a vortez-pair. His method of procedure was the reverse of Maxwell's. 
Ho began with a straight row of particles, and, by giving them displacements 
proportional to the instantaneous values of their velocities, he obtained the 
approximate forms of the curves on which the particles lay from second to 
second. From these the curves described by individual particles were 
deduced. 

Recently Havelockf has discussed some points of difficulty in the case of 
translation of a circular cylinder, specially with regard to the conditions at 
infinity. He has explained the uniform displacement forwards of the mass 
of the liquid. From a different point of view, that of meteorology, a 
problem of the same nature has been investigated by W. N. Shaw and 
LempfertJ in tracing the paths of individual particles of air in the course 
of actual large atmospheric movements, supposed to be practically 
laminar, while the same problem, allowing for vertical movement of the 
air, has been more recently treated by v. lljerknes. 

In the present paper I have integrated the equations of motion and plotted 
curves for the paths of particles in the well-known simple cases of two- 
dimensional motion, viz., for liquid contained in a rotating elliptic cylinder 
and in a rotating equilateral triangular prism, and for liquid extending to 
infinity and disturbed by the translation or rotation of an elliptic cylinder. 

The use of the word “particle" in this connection is convenient, but 
requires some explanation. What is really investigated is the motion of 
a mathematical point which moves at each instant with the velocity 
belonging to its position in the liquid. If at any stage a small sphere be 
put round this point and the motion of points on its surface bo followed 
in the same way, it will often be found that the volume is continuously 
deformed as time goes on, being pulled out indefinitely in one direction. 
This happens, for example, in the simple case of irrotational circulation 
in a “ free vortex.” It occurs in liquid contained in a rotating triangular 
prism and in liquid outside a rotating elliptic cylinder. For liquid inside 

* * Wied. Ann,,' vol. 36, p. 322. 

t ‘ Univ. Durham Phil. Soc, Proc.,* 1911, vol, 4. 

X * Life-Hiiitory of Surface Air-CuiTents,* PublicatiouH of Meteorol. Ofiice, 1006, 
Na 174, 1906. 
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an elliptic cylinder, on the other hand, or more generally in Kelvin^s case 
of an ellipsoidal shell, the particles *' are not continuously deformed, but 
come back periodically to their initial shapes. In this case the term 
particle can fitly be applied to a volume element throughout the motion ; 
it is obviously inappropriate to the pulled-out filament. 

This feature of the motion brings out the limitations inherent in the 
conception of the liquid as a continuum in the liydrodynamical treatment, 
and enforces our instinctive ideas of a moleculc^r structure in actual liquids. 
This is pointed out by Havelock in connection with the deformation of 
volume elements in the immediate neighbourhood of a moving cylinder. 
The same point is illustrated in a still more striking way by the occurrence 
in many cases of points on the solid boundary where the relative velocity 
of liquid to boundary is zei-o. The “ particle ” at this point moves with 
the boundary, particles on either side approach it or recede from it con- 
tinuously, remaining in contact with the wall. When there is approach 
from both sides toward this limiting position, the volume elements bounded 
on one side by the wall become extended indefinitely into filaments in the 
direction iiorpeiidicular to the wall. 

General Summary of lie, mite, 

(i) Elliptic Cylinihr Rotating^ Liquid Inside, — Particles on the surface 
slide backwards along it, so that their excentric angles decrease by amounts 
proportional to the angle of rotation of the cylinder. Particles in the interior 
do the same thing along similar ellipses, so that the same row of particles 
constantly forms a radius vector of the ellipse. The paths in space are thus 
a family of similar looped curves (fig. 1). The apsidal angle and the width 
of the loops arc found, and it is shown that consecutive loops intersect for 
ellipses less excentric than the form hfa ss 0*64 (fig. 2). 

(ii) Eqvilateral Triangidar Rnsm Rotaiing, Liquid Inside, — Particles on the 
walls move backward from one angular point to the other, and do not pass 
the corners. Their path has a single loop and has the circum-circle of the 
triangle as asymptote. Particles in the interior describe looped paths, the 
loops becoming closer and smaller towards the centre (fig. 3). Apsidal angle 
and width of loops are obtained (fig. 4). 

(iii) Elliptic Cylinder with Motion of Translation through Liquid at Rest at 
Infinity. — The two particles on the surface which are carried in one piece 
with the cylinder, are those situated where the excentric angle is equal to 
the angle between the direction of motion and the major axis, and at the 
diametrically opposite point. These are the limiting positions between 
which the surface particles move in opposite directions round the two sides 
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of the cylinder. The paths of these surface particles in space are looped 
curves extending from —go to +oo. Between the limiting points on each 
side of the ellipse there are two points at which the velocity of the particle 
in space has no component in the direction of motion of the cylinder, 
and one point at which the perpendicular component vanishes. Simple 
• geometrical relations are found to connect these “ stationary points ** and 
the limiting points on the surface. For particles not in contact with the 
cylinder the paths are looped curves terminating at the initial position 
occupied by the particle before the approach of the cylinder and the final 
position where it is left when the cylinder has passed off to infinite distance. 
The lino joining these end points is always paralhd to the direction of motion 
of the cylinder and decreases rapidly in length at increasing distance from 
the line of motion. The direction of the path at its ends makes with the 
direction of motion of the cylinder an angle which is the same for all 
particles, and depends on the shupo of the ellipse as well as on its direction 
of motion. The angle vanishes only fur translation along a principal axis. 
In this case it is shown that for a given breadth of cylinder, and (or particles 
lying beyond a certain distance from the central line, there is a definite shape 
of ellipse which is most effective in displacing the particle forward. 

Diagrams are given for direct motion of four different forms of cylinder 
(figs, 6-8) and for oblique motion of a piano lamina (fig, 9). Also, for the 
deformation of a row of particles originally on a straight lino (figs, 10-14). 

(iv) Botating MHpiic Cyliiulet^ Liquvl Outside, — As regards the configura- 
tion of the stream-lines relative to the ellipse, it is shown that there are two 
different cases according as the ellipse is more or less excentric than the form 
A/a = v^2— 1. Fur the less excentric forms the relative sti-eam-lines 
completely surround tlie ellipse in all cases. In the other class there is a 
mound of liquid carried round by the cylinder at each end of the minor axis 
(fig. 16), Particles inside these regions describe closed paths relative to the 
cylinder and never escape from the neighbourhood of the minor axis. There 
is one particle in the centre of each region which moves in one piece with the 
cylinder, and four particles on the surface of the cylinder, at the boundaries 
of the “ mounds," which do the same thing. These four points ax*e limiting 
points at which the direction of motion of particles along the surface la 
reversed, and the circle jiassing through them is approached asymptotically 
by three different curves in space, viz., the patlis of particles coming in 
opposite directions along the surface together with the path corresponding to 
the outer boundary of the mound." The other paths in this cose, and all 
the paths in the less excentric case, show recurring loops. 

Diagrams are given for one ellipse of the less excentric kind (fig. 16), and 
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for the plane lamina (fig. 17). Expresaions are found for the apeidal angle 
of the paths which are examined in detail for the plane lamina (fig. 18). It 
is shown that for certain paths in the latter case there are three different 
apsidal distances. 

Method of Cafeufation. 

If is the stream function for the motion of the liquid determined by the 
motion (a, v, ai) of a cylinder then the stream function for the motion relative 
to the cylinder is 

=s tw+«y— 


The curves = const, are the relative stream-lines. 

The paths of the particles in space are got by combining a motion along 
these with the motion of the curves themselves as they are carried by the 
moving cylinder. Thus it is necessary to connect the position of a particle 
on its relative stream-line with the time or with the displacement of the 
cylinder from an initial position. 

I.et be expressed in terms of the appropriate orthogonal co-ordinates (f, ij) 
with length-elements d^jhudrilh^, and let n be chosen to fix the position on a 
stream-line. The expression for the ^-component of velocity gives the 
equation 




When ^ is removed from the right-hand side by aid of the equation 
as const., the integral can, in the cases considered, be expressed by elliptic 
functions. 

will contain v or a as a factor. It is convenient to replace di as 
independent variable by v iH — dn ox a dt — dj^. 

The paths in space are got by applying to each point on a stream line the 
corresponding linear displacement s, or angular displacement x- 
(i) Liquid Contained in a Rotatinij Elliptic Cylinder . — 

Here = i® (ft»-t»)(.i^-y*)/(a»-J- &») 

yje' = — w ■!-«*»/*)/((»* -hii*). 

The relative stream-lines are similar ellipses. Using the oxceutric angle 17 
to fix position on one of them we find 

dti/dx = —2abj(a*+l^). 

Thus in uniform rotation of the cylinder the particles slip back along their 
ellipses so that their excentric angles decrease at a uniform rate. This is a 
particular case of Kelvin’s result for the ellipsoid. When the cylinder has 
turned through the angle (a^ + h^rrlab the particles are back in their original 



Ill 


Two-diimnsional Motion of a Frictiordcss Liquid. 

relative positions* Each element of liquid has received a rigid body rotation 
through this angle in consequence of a motion which is differentially irrota- 
tional at each instant. Particles which at any instant lie on a radius of the 
ellipse continue to do so throughout the motion. Thus, it is easy to follow the 
progressive deformation and restoration of form of a small volume-element 
bounded by two radii and two elliptic arcs. 



Fig. 1 shows the path of particles on tho boundary of the ellipse in which 
ff = 2i. For particles lying inside, the paths are similar curves. The apses 
of the path, of course, correspond to the ends of the axes of the ellipse ; the 
motion is "direct*' across the otul of the major axis, " retrograde” across the 
minor axis. Tho stationary points occur when the particle is on the radius 
vector bisecting the angle between the axes. 

Tlie following results are easily obtained : — The apsidal angle of path is 
(a— 6)V/4aJ, so that the moan angular motion of the particles in space boars 
to the motion of the cylinder the ratio {a^Vf : 2ah. 

The angular distance between the stationary points, ic. angular width of 
the loops on the path, is ^tt— + tau^'6/a. 

In fig. 2 the apsidal angle and half-width of loop are plotted for different 
values of the axis ratio. The curves intersect near the value hfa r= 0*64, 
showing that for an ellipse of this shape successive loops are in contact. As 
the straight line limit is approached the width of a loop approaches a value of 
about 33°, while tho apsidal angle becomes infinite. 

(ii) lAquid Contained in a liotati}}^ Eqnilcdcral Triangnlar Pnsm , — 

Here ^ = — a)r*c<»s3^/6a, 

3^ + 3ar*)/6a, 

where the side of the triangle is a^/S. 

Tlie equation of the family of relative stream-lines 

^•^cos 3^4* =s 4®. 

For J® := 4a® the curve breaks up into the sides of the triangle. 
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Using r as the coordinate-fixing position on the stream-line, we have 

drfdtss — 

giving drl(l)(^ — (t^— 9a*j'‘+6«Z>®r*“6*)l/2ar. 

Ijet > /9’ <7* be the roots of the cnluc in r*, then the solution of this 

equation is 

-X = 2(Mn-‘ {(f*-7»)»/(i8»-7*)»}/(«»-7»)». m«l 

/3 and y are the apsidal distances on the stream-line, /3 being the radius 
drawn in direction d = ir/3 towards an angular point of the triangle, y that 
drawn towards the middle point of a side ss 0). The third root r « 
lies outside the limits of the triangle. The expression for x vanishes when 
r = y. It is convenient to identify a stream-line by the distance y. 

For [Articles in contact with the wall 7 = 0, then « = /9 = 2a, the elliptic 
functions become hyperbolic and the integral takes the form 

y = = — av/3 tanh(ixy3), 

where y is the distance from the middle point of a side. For x db ^ 

y ss :p a^3, i.e. the particles move backwards along the wall between one 
angular point and another, and do not pass the corners. The path of a 
particle in space then approaches asymptotically to the circumscribing circle 
of the triangle. 




In fig. 3 the curves are drawn for 7/a = 0'6, 0*8, 1. A section of the 
relative stream-line is shown in each case, continued by the path in space. 
The apsidal angle of the path is found to be 

2a(«*-7»)-»K-i7r. 

The mean angular motion of the particle bears to tbe motion of the prism 
the ratio of this angle to 


113 


Two-dimensiorial Motion of a Frictionles9 Liquid. 

The stationary points are determined by which leads to 

cot 30 = Of 0 = j-TT, etc. So here, as in the last case, the radius to the 
stationary position bisects the angle between the apsidal distances. 

The angular width of the loops as seen from the centre is 

{rV3a(/3»-7*)}*. 

Fig. 4 shows how the apswlal angle and half-width of loop vary for stream- 
lines at different distances from the centre. It appears that successive loops 
come into contact when 7 is about 0*56a. 

(iii) Tramlation of an Elliptic Cylinder . — Let the velocity V make angle 7 
with the major axis, then, in terms of the usual elliptic co-ordinates, 

^ (cosh OL sin 7 cos — ainh a cos 7 sin 1 ;), 

where f = « on the surface of the cylinder. 

Thus = Va* sinh (f — «) sin (?/ —7). 

For the present purpose it is ccmvciiient to replace the co-oi*dinato 1; !iy 
(iTT+i/— 7) = 1;', say, and to write the equation of the family of relative 
stream-lines in the form 

sirih(f— «)co8i;' = cotS. 

Then rf is the argument and S the modular angle of the elliptic functions 
which occur in the integral of the equation of motion. 

The forms of these stream-lines are given in the text-books. It is easy to 
show that the line whose parameter is 8, at points very distant from the 
ellipse, runs parallel lo the line of motion of the centre at a distance from 
this line of (a -i- 8) cot 8. Particles which follow this particular stream-line 
will therefore have this for their initial and final distance from the line of 
motion of the centre. The passage of the cylinder results in all cases in a 
displacement of particles in the direction of its motion.* The motion along 
the relative stream-line is from ri' = when the cylinder is at infinite 

* It fleems clear that this will bo the case no matter what is the form of the cylinder. 
Tlie statement is equivalent to saying that in the steady flow of a liquid past a cylindrical 
obstacle each straight stream-line, after swerving round the obstacle, comes back to the 
prolongation of the same straight line. This appears physically obvious if we think of 
two of the stream-lines so far from the obstacle on op|)osite sides as to be practically 
straight throughout their length. The space between them, at great distances on the 
two sides of the obstacle, is filled across with straight intermediate lines of flow, so each 
of these lines, after deflection by the obetacle, must resume its former position. 

The same argument does not apply to flow In throe dimensions. If we consider a tul>e 
of lines of flow so far removed from the obstacle on all sides as to be straight, and take 
sections of it at great distances on both sides of the obstacle, the same bundle of tubes 
of flow comes out as goes in ; but there is now the possibility of the tubes having been 
twisted together in passing the obstacle, if it possessed a helical structure. 
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distance behind to s when it has passed off to infinite distance 
in front. 

The equation of motion in the original co-ordinate 17 is 

diflds = 2e*ooBh(f— «)Bin(i7— y)/c(co8h2f— co8 2ij), 

where a is the distance the cylinder has moved from some fixed position. 

Having obtained a from the integral of this as a function of 17', the 
co-ordinates of successive positions occupied in space by the particle are 
found by applying the displacement a to the corresponding points on the 
stream-line. Let the origin be taken at the undisturbed initial position of 
the particle ; let the axis of X be perpendicular to the direction of motion of 
the cylinder, and the axis of Y parallel to it. Then (X, Y), the sideways and 
forward displacements of the particle, are found to be given by 

2 X sin hjia—h) = («*•— cos 27-1- sin 27 tan i7')/(Ai7'— coafi), 

2Ysin iHn-h) = (cosh2«-oos27){i(3-|-cos28)(K-hV)-2(E-E7')} 

•— cos 27) tan 17' -|- sin 27} (A17'— cos S). 

Tlie s])ccial stream-line B = includes the surface of the cylinder 
f = « and the hyperbola *7 = 7. The point 17 = 7 on the ellipse and the 
diametrically opposite point are limiting points for the motion of particles 
along the surface, i.e. points of zero relative velocity, as explained above. 
The paths of surface particles have, as asymptotes in opposite directions, the 
straight lines described by these points on the ellipse. The expressions for 
the co-ordinates X, Y become in this case 

2 X / (« ~ fi) = 'c** sin (7 — »;) -t- cos 2 7 -H sin (7 -I- 17) 

2Y/(rt— J) =(co8h 2«— coH27)l<»glan ^(7— «7)+«**co.s(7— »7)+8in 2 y 

— 00H(7-hi7), 

the origin now being at the point corresponding to 77 = 7*“iw. 

For the hy^jerbolic sti’eam-line the co-ordinate f must be used. The vahies 
are 

2 X/(rt— ?>) = sin 27C“<f~*>, 

2 Y /(rt— 6) = — (cosh 2«— cos 27) log tanh J (f--«)+(e* cos 27— 

which vanish for ^ = 00 , and therefore give displacements from the initial 
position. 

The following consequences can be deduced from the formula : — 

( 1 ) The distance between the initial and final positions of a particle is got 
by putting 17' = — in Y, which gives 

(o* sin* 7 -I- &* cos* 7) cosec B {( 3 + cos 2 8) K— 4 E} /{a+b). 
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( 2 ) The form of the paths at a great distance from the line of motion. 
When Z is small, X, Y, are small quantities of the same order, viz., 

X « JS(a— ft)8in(7— 7){<!*»Bin(7— 7)— Rin(i7+y;)}, 

Y = JS(a— &)Bin('9— 7){co8(i>+7)— e*"ooB(ij— 7)}. 

Elimination of 1; gives the eqimtion 

X» + Y* »= i 8 (a-i){X(e*--cos 27 )-Y 8 in 27 }. 

The paths, therefore, approximate to small circles, radius 
^ 6 («* sin* 7 + ft* COB* 7 )». 

( 3 ) Initial direction of motion of a particle. On differentiating the 
expressions for X, Y, and putting 17' = Jir, we get 

. dXfdY s= sin 2 yf(^—con 2 y), 

which gives the tangent of the angle between the direction of motion of the 
cylinder and the direction in which a particle begins to move. It is the 
same for all the ^airticles, and vanishes only when motion is along one of 
tlje principal axes. Tlie greatest value is when tan 7 = 

For the case of a plane lamina, the angle in question is the complement of 
7. So, if the lamina is moving at 45 ® to its plane, the direction of initial 
motion is parallel to the plane of the lamina. This is shown in fig. 9 . 

( 4 ) Tiie critical points on the surface of the cylinder. These are — 

Tlie limiting points, 7 and (7— w), wljere the stream-lines divide; 

The point 7', where the X-com|>onent of the velocity vanishes and the 
particle has its greatest sideways disjilacemcnt ; 

The i>oints r/j, Tjj, on oi^Mwite sides of 7', where the Y-velocity vanishes. 

The equation dXjdr) = 0 with S = iir gives 

tan 7 tan 7' = —hja, 

and dYIdti = 0 gives rji, ij* as roots of 

tan*i7-f {(a-l-6)*tan7/a(rttan*7— 5 )} tani;— &/« = 0, 
so that tan 171 tan ijs = — h/a. 

These etitiations show that 7, 7' and ttu Va are pairs of conjugate points in the 
sense of Fagnano’s theorem on the rectification of elliptic arcs. They have 
the same length of intercept on the tangent between the point of c-nntact 
and the foot of the central perpendicular. Further, it is easy to show that 
if 7 be the length of this intercept for the pair (7, 7') and q’ for (tji ija), the 
relation 

j*-fj'*=(o-6)* 

exists between these, i.e. the sum of the squares of the intercepts is equal to 
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the square of the maximum intercept at “ Fagiiano’s point.” The symmetry 
of this shows that the r6le» of the two pairs of points can be interchanged. 

(6) Influence of the shape of the ellipse on the displacements of a particle, 
the motion being along a principal axis. 

Let the motion bo along h, keep a constant, and let ( increase, beginning 
with & = 0, for the transverse motion of a plane lamina. 

If Xo s= uiuliHturlie*! diatance of a jjarticle from the central line of motion, 
Xo = maxiinum displacement Ridewaya, reached when the particle is on 
the a-axi», 

Yq s: final diaplacenient in direction of motion, 
then, in termR of the {Mrameter S, 

■v’o = (<* + h) ootS, 

Xo = a(coHGoS— cotS), • 

Yo =5 rt*coBecS{(3 + coH28)K— 4E}/(a + /<). 

Tlie first and second equations show that, as Z* is increased, the same value 
of Xo is found at distances from the central line proportional to (a+b). So 
there is a continual increase of the sideways displacement of particles at 
given distance. 

For the forwaixi displacement we have 

Yo = a^cosecScotS {(3+cos28)K— 4E}/a^. 

If the function of S bo plotted, it shows a maximum value about 74°, and 
closer calculation places this at 74° 15'. Therefore, to obtain the greatest 
forward displacement at distance tq we must have 

(a + 5) a= xq tan 74° 15' = 3‘546xb. 

This gives a jicsitive value for h if »o>0'282«. For particles closer to the 
central line, the plane disc is the most effective form for causing forward 
displacement. 

Description of Diagrams . — In fig. 5 I have drawn the paths of particles in 
liquid disturbed by the passage of a plane lamina. The motion must l)e 
supposed very slow and the edges of the lamina rounded, so as to avoid 
the occurrence of discontinuity. The direction of motion is perpendicular 
to its plane ; the lino with the arrow shows the path of the edge, the 
dotted line at the bottom gives the half-breadth of the lamina. The particles 
which ore originally ranged along a line parallel to the plane of the lamina 
have positions relative to it defined by the values of 3 = 80°, 70°, 60°, 50°, 
40°, so that, if the half-breadth be taken as unity, their initial and final 
distances from the line of motion of the centre are given by the cotangents 
of these angles, say, 0*18, 0‘36, 0*58, 0*84, and 1*19. 
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For oompariBon with this the following figures (6, 7 , 8) show the paths of 
the same particles when the plane lamina is replaced b 3 r an elliptic cylinder 



Fio. 7. ®- 

of the i wme breadth, with axis b in the direction of motion of length = 
a, and 3« respectively, as shown by the dotted quadrants. The values of b 
which would give maximum forward displacement to the five particles ate 0, 
0-29a, 106a, l'98a, and 3-28a. In agreement with this it will be seen that 
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the first and second particles are displaced farthest in fig. 5« the third in 
fig. 7, and the fourth and fifth in fig. 8. 

For particles in contact with the cylinder the paths extend to infinity in 
both directions, and have loops of the same type as the other curves shown. 
In the case of the plane lamina the loop contracts to a cusp. It did not 
seem worth while to reproduce these special curves. 



Fig, 9 shows the paths for a piano lamina moving at 45® with its plane. I 
have drawn a path, lying to the left of the central one, to show the 
synimetrical relation between corresponding paths on opposite sides of the 
line of motion of the centre of the lamina. It will be seen that one is 
got from the other by a double reflection. It has already been pointed 
out that this is the only case in which the directions of the paths at their 
ends are parallel to the moving plane. 





Two^dimemioTMl Motion of a Frictionless Liquid* 119 

rigB. 10, 11, 12, show the successive forms assumed by a row of particles 
which, before the approach of the cylinder, lie on a straight line perpendicular 
to the direction of its motion. This initial position of the row is shown as a 




120 


Prof. W. B. Morton. 


datum level in each figure ; the position of the moving solid is shown 
dotted, the final configuration when the cylinder has moved off to infinite 
distance is the curve drawn through the upper ends of the paths shown on 
figs. 5, 6, and 9. 

Figs. 13 and 14 give the forms of a row of particles lying originally on 
lines parallel to the motion of a plane lamina. The paths hy which the 
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particles have moved from their initial to their present positions are shown 
hy dotted curves. Diagrams like these can be construcled by sliding a 
drawing of the relative streani'llnes over another, giving the paths in space. 
This was the plan used by Maxwell. It has the practical drawback that 
the re<]uired points arc given as the intersections of curves which are 
often nearly jmrallcl to each other, so that a slight error in the setting, or 
in the forms of the curves, causes a largo displacement of the intersections. 1 
found it better to plot separately the co-ordinates X and Y against s, the 
distance travelled by the cylinder, and then to read ofiT from these cun'es 
pairs of values for each s. 

(iv) Liquid Outside a Sotating Ellij^ic Cglituler . — 

s= ^ cos 2lf, 

= Jaw;* {«“*<f~“>coH2ij— cosh 2f— cos 2ij}. 

The relative stream-lines = const, show peculiarities which I have not 
seen any reference to, although the above expressions are veiy well known. 
The configuration of these curves is quite different for ellipses more 
excentrio and less excentric tlian the critical form defined by sinh 2« a 1, or 
a^(^2 + l)b. 

Writing the eciuation of the family as 

cosh 2f-|- {1 — cos2i 7 as A, 
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the value A = coah 2» gives the surface of the ellipse. In the less excentrio 
class this is the whole of the stream-line in question, but for the other class 
there is another part. 

Solving the equation as a quadratic in 

= A — cos 2?;+ {(A— cos 2 ij)*+ 2 c**co 8 2?j— 1}*, 
with A = cosh 2 St. 

c*t = c** or c "®*— 2 cos 217 . 

The fii-at value corresponds to the surface of the cylinder. The second is 
also adinissible, provided the point delined by it lie.s outside the cylinder, 
i.f. if 

2 cos 217 > or — nos 2»7 >■ .sinh 2 «. 

If sinh 2 « < 1, this gives a range of values of 17 extending downwards from 
the value 7r/2 on both sides. So there is an additional piece of the stream- 
line over the end of the minor axis and meeting tlic ellipse at the points 
defined by cos 2 17 s — siuh2«. Tlieso are evidently points of no relative 
motion. 

The space between this additional piece of the stream-line A s cosh 2 u 
and the end of the minor axis is filled by closed stream-lines corresponding 
to smaller values of A. These contract to a ]>oint for A = \/(«®*4-l) —1 ; 
the position of this point on the axis is given by «** = y'(e**+l). Here 
also the {)aiticlo of liquid remains in a fixed position relative to the rotating 
ellipse. All the liquid in the region occupied by the closed stream-lines is 
carried round with the cylinder, and is kept distinct from the remainder of 
the liquid. Stream-lines for which A > co8h2« encircle the ellipse. For the 
less excentric forms all the lines are of this type. 



The arrangement of stream-lines above described is shown on fig. 15 for 
a as Sb. Also, for the limiting form of the plane lamina, in one quadrant of 
fig. 17. The arrows show the direction of motion, as seen by an observer 
moving with the rotating cylinder. Tlie less complicated forms for the less 
excentric class are shown on fig. 16 for a = 2h. 
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To find the paths in space the co-ordinate 17 is again used. Its connection 
with x> tfie ftDgle of rotation of the cylinder, is given by 

dri/dx, = — (sinh 2f +me”*f cos 2i7)/(coBh 2f — cos 217), 

where m is written for «** » (a+6) /(a—J), 

The reduction of the integral, when the right-band side has been expressed 
as a function of 17, is rather tedious. The result is 

X =s — ii7+« { 3 m-i-(Am-|- 2 )p-i-Ap*}/ 2 ( 2 ?Ji+p) 2 >*(l— A)* 

-f- l( 4 m*— l)“*[log {( 2 m+ l)*tani7— ( 2 m — l)t/( 2 m + 1 )* tan ^+(2 »i — 1 ) 1 } 
-f- i log { 1 -f- <m (w—u)ll + cn (w+ «)} + IT («, 
log «)/l+<*tt(i»+M)}-f-n(w,tV)]. 

In this A is the stream-line constant, as above. 

p = [A»-{A«- 4 (m-A)»}»]/ 2 (m-A), 

on/ = — (p + co 8 2i7)/(l+pco8 2i7), enir ss l/i». 
cHto = (1 + 2 mp) l( 2 m+p), 

with i? s! p (1— mp-l- A2>)/(m— A) (1— p*). 

These formulae hold when e**>A> cosh 2 «. When A>/!®* the sign of the 
radical is changed in the definition of the constant p. When A< cosh 2 a 
(in the more exoontrio class) P becomes greater than unity and the reciprocal 
modulus is used. On the surface of the cylinder x reduces to 

17— c*“ tan"^ (tan 77 (sinh 2«— l)l/(8inh 2 a+ l)*}/(Binh* 2«--l)l. 

This for the class sinh 2« > 1 . For sinh 2a < 1, tanh“* replaces taii“*. 

A good deal of labour is needed in order to get numerical values from the 
general formula.* The elliptic functions were taken from Legendre’s tables. 
1 took the amplitudes of modular angles to the nearest minute so that double 
interpolation was necessary. The 11 functions were expressed by 0 functions 
and these were calculated from the expansions in ascending powers of “ g.” 
The values of q were got from the tables of Jahnke and Emde. 

Apsea on the Paths . — When the particles go right rountl the cylinder the 
apses are on the major and minor axes. The apsidal angle in space comes out 

2 K [{3 ?>i -}■ (Am + 2 ) p + Ap*} /2 (2 m +p)p* (1 — p*)t {m — A)* 

4 - i ( 4 m»-l)-» 0 ' (k ;)/0 (m)+ Jt 0 ' (ii ;)/0 (tr)] - w. 

The particles which keep near the end of the minor axis in the more 
excentiric class, have apses in the two positions where they cross this axis. 
The apudal angle is got from the expression just given by omitting the v 

1 am indebted to Miaa Mary Bock fur much help in tho arithmetical work in 
connection with thig case and the preceding one. 
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Bubtraoted and replacing the denominator of the first term inside the bracket 
by 2(2m4-p)p(l— 

Fig. 18 shows the variation of the apsidal angle for difibrent values of the 
stream-line parameter A, in the 'case of a plane lamina. 

For a certain range of the closed stream-lines tliere is a third apse inter- 
mediate between the two which correspond to the transits of the particle 
across the minor axis. This is where the particle is at maximum distance 
from the centre. We have 

7*2 = J c* (cosh 2 f 4- cos 2?;). 

Differentiating with respect to ^ and taking account of the equation of the 
stream-line 

?a sinh 2f— l)/(e*^— w)*, 

which vanislies for 

= {1+(1 — 2 A?»-hm®)*}/(2A— m). 

For A =: cosh 2a the maximum occurs at the point on the cylinder where 
the external peurt of the stream-line meets it. As A decreases the position of 
maximum r moves up the outer part of the stream-line until, for a certain 
value of A, it coincides with the more distant point on the axis. This happens 
when the value of given above is equal to (A-f-l)+(A“ + 2A— 2w)i 

For the plane lamina w = 1 this gives A = 0*84. So the third apse is 
found on the paths between A = 1 and A = 0*84. From A = 0*84 to 
A = 0*732, when the stream-line shrinks to a point, there are only the two 
apses corresponding to the positions on the minor axis. 




Ikscriptim of Diagrams. — Fig. 16 shows the forms of the paths for an 
ellipse of the less excentric class a as 26, m ss 3, As in preceding diagrams 
the first quadrant is occupied by the relative stream-lines beginning with the 
VOL, LXXXIX. — b 
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surface of the cylinder itself A =s If. The two external lines are A = 2 and 
A SB 8. These stream-lines are continued into the paths in space. 

In fig. 17 the plane lamina is taken as the extreme case of the more 
excentrio class. Here m ss 1, and the surface of the lamina with the external 



loop corresponds to A s 1. The other stream-lines drawn are for the values 
A ss 0'8, 1*2, 1'6. The paths are again shown as continuations of the relative 
stream-lines, except in the cese of the outer portion of the lamina itself 
between the critical point ss f w and the edge. The particles in contact 
with this move round the edge from the critical point on one side to that on 
the other side, the motion becoming infinitely slow near the limiting points. 
The path has a cusp at the edge of the lamina and approaches the asymptotic 
circle from the outside. It has been drawn, for the sake of clearness, from its 
cusp at the left-hand side of the diagram. It will be seen that the same 
asymptotic circle is approached from the inside by the path corresponding to 
the external loop and also by the particles which slide along the central part 
of the lamina between one critical position and the other. 
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A Critical Study of Spectral Series. Part III. — The Atomic 
Weight Term and its Import in the Constitution of 
Spectra. 

By W, M. Hicks, F.RS. 

(Received June 7, — Read June 26, 1913.) 

(Abstract.) 

The wave numbers of the lines in a spectrum which form any of the 
recognised series can bo calculated, as is well known, from an expression of 
the form 

_ N N * 

where N = 109675 and !)« = -h fraction, the fraction being in general a 
function of the integer i$i. The constant doublet or triplet separations of S 
and D series are formed by the deduction of a quantity A, or Ai, A 2 . in the case 
of triplets, from Di.and it has long been known that these (piantities are very 
roughly proportional to the squares of the atomic weights when elements in 
the same group are compared. The present communication deals with the 
actual relation between A and the atomic weight, and with the part it plays 
in the general constitution of spectra. 

It is shown that there is a definite quantity in connection with each 
element which is of fundamental importance in the building up of its 
8X>ectrum. It is proportional to the square of the atomic weight : in fact, 
if V) denote the atomic weight divided by 100 its value is (90*4725+ 0*0 1 
This quantity is of such universal application that it is useful to have a 
special name for it, and it has been called the oun (avi/). Its value is 
denoted by fii, but 5 is used for the multiple 4Si, as it is of very frequent 
occurrence. The evidence for its existence is based on the arc spectra of 
He, the elements of the Groups I and II, the Al sub-group and Sc of HI 
and the O, S, Se of VI of the Periodic Table — in other words, all those 
elements in which the series lines have been allocated. It is found : — 

(1) That the A which give the doublet and triplet separations are all 
multiples of their respective ouns, 

(2) That the corresponding quantities, which give the satellite separations 
in the D series, are also multiples of the oun. 

(3) That the F series show satellites depending in a similar way on 
the oun. 

* It will be convenient to refer to N/Dm* as V (n) and N/D|‘ aa n(oo ). 

L 2 
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(4) That, in a lai;ge number of cases, lines are related in such a way that 
the differences of their denominators are multiples of the oun, and that 
frequently in place of an expected line which is not observed another 
oocurs related to it in this manner. It is said to be collaterally displaced. 

After reviewing the evidence for the existence of the oun the paper deals 
in succession with : — 

(a) The constitution of the D series. After establishing the dependence of 
the satellite separations on the oun, it is shown to be liossible that the 1) series 
may not depend directly on a formula involving m, b\tt that the D* of different 
orders may be given by the successive addition, or subtraction, of various 
multiples of the oun. It is curious that in those cases where there are no 
satellites, these differences arc multiples of the A themselves. Evidence is 
also given to show that the decimal part of D (2), i.e. for the first line, is 
a multiple of A, or Aa for triplets, but that, in the case where satellites 
exist, the extreme satellite is to be taken. 

(5) The constitution of the F series. The F series is one whose limit is the 
variable part in the formula for the D series corresponding to the first of 
the D lines ; in other words, it depends on the B series in the same way 
that the limits for the S and D series depend on the first line of the P. 
For all elements, except the alkaline eartlis, the lines are far in the ultra- 
rod, and it is only recently that waves of extreme wave-lengths have been 
measured by Paschen. It is probable that the YF for the first lines in 
each sub-group may be the same, and even possible that it may be the same 
in all, the earths excepted. In the earths there are a very large number of 
strong well-defined lines which are connected collaterally with one another, or 
with the lines of the series themselves, the displacements proceeding by 
multiples of A. These afford values of large multiples of A, and hence of 

; and, in consequence, give very exact values for the latter. 

(e) The preceding results are then discussed with a view to obtaining a 
better approximation to the value of the oun as a function of on the 
supposition that it is always proportional to it. A value is obtained (see 
above) which is probably correct to a few units in the fiftii significant 
figure. With further knowledge it is probable that this degree of accuracy 
may be extended to the sixth, and even beyond. It is clear that with such 
a knowledge of this constant, and with more definite and certain know- 
ledge of spectral relations enabling values of of the same degree of 
accuracy to be obtained, it will be possible to determine atomic weights 
with extreme accuracy, an accuracy much beyond that attainable by methods 
depending on we^;hing. 

The large atomic weight of Ag, combined with the fact that it may be 



A Band Spectrum attributed to Carbon Monoaulphide. 127 

larded as the basis of other atomic weights, would point to it as the 
best single element from which to deduce the value of The value 

of its doublet separation can be determined with extreme accuracy, to one 
or two units in the sixth significant figure. But, unfortunately, the deduction 
of A from this is subject to an uncertainty which quite upsets that degree of 
accuracy. The most probable value is, however, very close to tliat obtained 
by the final discussion. The uncortainty is due to a doubt as to the real 
relations of lines usually assigned to the S, U, and P series in Ag, and it is 
hoped to clear this up by a further consideration of the spectrum. It is 
then shown how the laws indicated in the foregoing discussion enable the 
doublet and the satellite differences for An, and the limits of the series to be 
determined. 

The value of A for Sc is considered in Appendix I. In Appendix II, the 
wave-lengths of the D and F lines treated of, together with short historical 
notes, are given. 


A Band Sx^ectrum attributed to Carbon Monosulphide, 

By L. G. Mautis, A.K.C.Sc., KeBoarch Stadeiit Imperial College of 
Science and Technology, South Kensington. 

(Communicated by A. Fowler, F.K.S. Received June 10, — Read June 26, 1913.) 

[Plavb 6.] 

Tho experiments described in the present paper were made in connection 
with the investigation of sulphur spectra developed by the nitrogen afterglow, 
in continuation of previous observations by Profs. Strutt and Fowler.* 

A result of considerable interest is the detection of a series of ultra-violet 
bands which appear to be cliaracteristic of a compound of sulphur and carbon. 
This band system extends from X 2436-2837 approximately. It ip, however, 
quite distinct from that doveloi)ed, in the same region, by carbon disulphide 
in the afterglow, which is described in the paper to which the reference is 
given. Further photographs were taken, and it was found that the two sets 
of bands had nothing whatever in common. 

Confirmation of Prof. Strutt’s work on the chemical actions taking place 
between carbon disulphide and the active nitrogen was obtained. A green 
deposit of nitrogen sulphide formed in the experimental tube, and also a 


* ‘ Roy. Soc. Proc.,’ 1911, A, voL 86, p. 111. 
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btown one of polymerised carbon monosulphide, the latter only in the 
presence of a stray discharge. 

Sulphur in the Carhon Arc. 

The new bands were first observed in an attempt to obtain the spectrum of 
sulphur in the carbon arc. After some failures, successful results were 
obtained by using a hollow carbon, well charged with sulphur, as the upper 
pole, which was made i> 08 itiva In these circumstances a steady flow of 
melted sulphur into the arc was maintained. 

In addition to overpoweringly strung bands of carbon and cyani^en, and 
faint bands recognised as belonging to sulphur, several of the photographs 
showed a fairly well develoi>ed system of bands in the region 2500-2700 of 
which no previous record could be found. Like the sulphur bauds, the 
new bands were degraded towards the less refrangible side. 

Attempts to brighten the spectrum by surrounding the arc with sulphur 
vapour from a test-tube in which sulphur was l)oiled by a bunsen burner 
increased the intensity of this set of bands, but brought out a good many 
reversed sulphur bands in the region 2800 to red. The band system 
2500-2700 betrayed no tendency to reversal. It therefore seemed probable 
that those bands were not due to sulphur itself, ])ut to some compound 
produced in the arc. • 

Sulphur Vdeuuvi Tube. 

As a check on the previous result, experiments were made on the electric 
discharge through sulphur vapour. Salot's apparatus* is very suitable for 
the visible region of the spectrum, but fails for short wave-lengths, since it is 
generally constructed of glass, and would be difficult to make of silica glass. 

An arrangement was accordingly devised (fig. 1) with a quartz window (Q). 

The sulphur could be melted in side tube (A) by means of gentle heating 
with a bunsen burner. The electrodes (B) were of aluminium, led into the 
discharge tube by quill tubing within the wider side tubes, and cemented in 
with sealing wax. With apparatus of the dimensions shown, it was found 
that the quartz window was hardly at nil clouded during the 15^ minutes 
necessary for exposure. The tube was first exhausted with a pump and the 
vacuum was subsequently maintained by means of charcoal cooled with 
liquid air (see D, fig, 1). The discharge, as described by Salet, is of a blue 
colour, and is luminous enough, even in the fairly wide tube, to require only 
a short exposure. 

In the first experiments, with a less perfect form of apparatus, giving an 


* G. Salet, * Analyse Spectrale,' p. S 80 . 



129 


Spectrum attributed to Carbon Monosulphide. 

insufficient supply of sulphur vapour, the oharacteristio sulphur bands were 
aocompaxiied by bands of nitrogen and the lines of carbon and mercury at 
2478, 2636, respectively. The new system of bands in the region 2600-2700 
was also faintly present. 

When the more perfect apparatus was employed, however, nitrogen, carbon, 
and mercury were eliminated and the new bands were also absent; the 



spectrum then only extended as far as 2829 into the ultra-violet and showed 
nothing but the broad, double-headed sulphur bands degraded towards the 
red. It is clear that these bands 2600-2700 are not given by the discharge 
through pure sulphur vapour; also that they are only developed to any 
strength when the carbon lino 2478 is present. They have nothing whatever 
to do with the ordinary spectra of carbon or nitrogen. 

Discharge in Carbon, Disulphide. 

The spectrum of the electric discharge through the vapour of carbon 
disulphide was next photographed. A similar apparatus to the previous one 
was used, the carbon disulphide being contained in a bulb, and the flow of 
the vapour was regulated by a tap. The vapour was led into the tube at C 
(fig. 1). As in the previous case it was easy to maintain a good vacuum by 
means of charcoal and liquid air, especially as in this case the action of the 
discharge tends to decompose the vapour and lower the pressure still further. 

The discharge from a 10-inch coil immediately gave a heavy darh brown 
deposit on the walla of the tube, doubtless being a mixture of sulphur and 
polymerised carbon monosulphide as described by Dewar and others. This 
deposit extended to the liquid-air tube. It was found that by lengthening 
the discharge tube slightly, the quartz window could be kept free from 
deposit 
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The spectrum was found to be very complicated In the first place it 
reproduces that of the sulphur vacuum tube perfectly, band for band, and it 
seems probable that this is due to free sulphur, one of the immediate products 
of the discharge. 

Corresponding in intensity to the sulphur bands is a remarkable band 
system extending from X 2436-2837, the brightest of the bands being 
identical with those previously shown by sulphur in the carbon arc. 

Disdutrge in Dimlphur JHMoride, 

It was thought desirable to tost whether or not these bands were diie to 
sulphur in a different molecular condition from ordinary sulphur vapour, and 
for this purpose an unstable and volatile sulphur compound was necessary ; 
such a compound is disulphur dichloride. An apparatus similar to that 
adopted for the carbon disulphide discharge was used, and was kept exhausted 
by means of cooled charcoaL The defect in this apparatus was that the bulb 
containing the disulphur dichloride was connected to the discharge tube by 
means of a short piece of thick red rubber tubing such as is used for vacuum 
tube work. The discharge produced a blue glow as in the two previous cases 
and a deposit was immediately formed on the walls of the tube, found on 
after examination to consist of sulphur and a higher chloride. The spectrum 
of the discharge contained the usual sulphur bands and faint indications of 
the new bands. The carbon line 2478 was present and the impurity was 
found to be due to the action of the disulphnr dichloride on the rubber 
connection, To make certain of this another tube was constructed and the 
bulb sealed on; it could be filled with the liquid by a fine bent tube on 
removing the tap stopper. 

On taking a photograph with an even longer exposure than before, the 
carbon line and the new bands were found to be eliminated, the sulphur 
spectrum only being left in its entirety. 

Description and Wave-lengths of the New Bands. 

As already explained, when fully developed, the new spectrum consists of 
a number of bands degraded to the less refrangible side. With the spectro- 
graph employed, giving a dispersion of about 10 A.U. to the millimetre in this 
region, a few of the bands were just resolved into their component lines. 
Like the sulphur bands they appear fairly evenly spaced and double headed, 
and like those of the carbon are they form groups in which successive heads 
diminish in intensity, although in the opposite direction to the carbon bands, 
which are degraded towards the violet. 

The group with its head at 2579 is worthy of special mention. Its 
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appearance varies greatly under different conditions, and it appears to be 
the best developed of all the bands only when the whole system is weak. It 
is the strongest in the carbon arc spectrum of sulphur, and in cases where 
sulphur vapour is contaminated with carbon in the vacuum tube. In the- 
oarbon disulphide discharge, however, where the whole of the bands are- 
strongly shown, it is not so bright relatively, and is evidently superposed 
on another group with a fairly strong band near 2573. In this case the- 
head at 2665 is the brightest of the system. 

The wave-lengths of the bands were determined as accurately as possible 
by means of an iron comparison spectrum in the usual way. Except in the 
extreme ultra-violet, where the resolving power is high, the heads of the 
bands were very diffuse and indistinct, and consequently very difficult to* 
measure. As the second-frequency differences are small it has not been- 
at present found possible to give a Deslandre’s frequency formula for the 
hand system. 


Remarks. 


Ware-length. 


1 

I 


Indistinct 


I 


2m -621 

3622 *68/ 

2629 '69 1 

2630 *70/ 
2638 *86 1 
2680 -87 / 
2059 *84 
2661*86'! 
2664-02/ 
2674*66 
2677*441 
2679 *62/ 
2692*661 
2694 *61 J 
2709*011 
2710 *41/ 
2726 *62 
2744*49 
2764 *781 
2756 *90 * 
2769*46 
2771 '90/ 

2786 *16 

2787 *69 ' 
2801 *58' 
2808 *58 ^ 
2818*87 
2810*29/ 
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Gfeneral Coneltuiona. 

Sir J. Dewar and Dr. H. 0. Jones describe an experiment in which the 
volatile oondensable compound produced by the action of the silent electric 
disch8i]ge on the vapour of carbon disulphide is condensed in a U»tnbe 
cooled by liquid air. When the tube is ramoved from the Dewar vessel 
violent polymerisation occurs, and a flash is produced. The spectrum of 
this flash is described as containing scattered bands from 2480 to 3620, the 
sulphur bands between 3840 and 3920, and indications of cyanogen and hydro* 
carbons. It is probable that, apart from impurities, this spectrum is a 
reproduction of that produced by the discharge through carbon disulphide 
vapour, and contains the ordinary sulphur spectrum, together with the bands 
from 2436 to 2837 described in this paper. The action of the discharge is to 
break up the vapour into free sulphur and carbon inonosulphide. Poly- 
merisation of this monosulphide occurs almost immediately and forms the 
dark deposit, but during this action the electric discharge, or the influence 
of great heat, or both as in the electric arc, produces the band system. The 
dliferent groups vary in their relative development with the conditions of 
experiment ; it is possible that they are due to successive compounds 
produced during the transition from the disulphide into the monosulphide 
and its polymers. 

The author’s best thonks are duo to Prof. Fowler, F.B.S., for constant 
interest during the progress of the experiments, and valuable help during 
the preparation of the paper. 
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New Series of Lines in the Spark Spectrum of Magnesium. 

By A. Fowur, F.RS., Assistant Professor of Physics, Imperial College of 
Science and Technology, South Kensington. 

(Received June 12, — Bead June 20, 1913.) 

IntrodxuAory, 

A recent investigation suggested that the spectrum of hydrc^n was unique 
sn having two Principal series of lines which are related to each other in the 
same manner as Diffuse and Sharp series.* One of these series begins with a 
line at X 4686, and the other with a line at X 3203, the two series converging 
to the limit 48764 on the frequency scale. The lines in question have so far 
•only been produced by passing powerful discharges through helium tubes(w’liich 
«lso contain hydrogen), but in accordance with the work of Rydberg, they have 
been attributed to hydrogen on the ground of their series relationship with 
lines known to be due to hydrogen. 

In seeking for further examples of such series, analogy with hydrogen 
suggested spark spectra as the most promising sources. One of the most 
remarkable spark lines is the well-known lino of magnesium X4481, which is 
•ordinarily not visible at all in the arc, but is by far the strongest line in the 
spark. Further, there is a series of single lines in the arc spectrum of 
magnesium, first identified as such by Rydberg, which it seemed might possibly 
be analogous to the Balmer series of hydrogen lines. Magnesium therefore 
appeared to be a very suitable element for investigation, but existing records 
•of the spectrum were altogether inadequate for the purpose in view. There 
were, in fact, only two recorded lines which could possibly be connected in 
.series with 4481 ; namely, the lines given by Exner and Haschek at 3106'5 
and 2659‘5. Other associated ultra-violet lines, however, have now been 
photographed, and it results that the spark lines form two series like those of 
hydrogen, 4481 being analogous to the first Principal line of hydrogen 4686. 

Method of Observation. 

The magnesium spark lines, as ordinarily obtained, are too diffuse for 
accurate measurement, and it appears from the present investigation that in 
the far ultra-violet they are even too diffuse to be recognisable. The lines 
may be narrowed by the use of self-induction, but they are at the same time 
weakened, and the more refrangible lines were then too feeble for observation. 
It is known, however, that the spark lines are also brought out wheu the arc 
* ‘Monthly Notices B.AS.,’ 1912, voL 73, p. 02. 
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ia paaaed in vacuo % that is, in reality, in a low-pressure atmosphere of 
hydrogen liberated by the heated metal.* Under these conditions the lines 
are well developed and sharply defined, and by this method it became possible 
to photograph five arlditional lines which wore evidently related to the three 
spark lines already mentioned. The apparatus employed was identical with 
that describeil in a previous paper for the observation of the spectrum of 
magnesium hydride-f 

III addition to the spark lines, the arc in vacuo also exhibits the arc and 
flame lines, and the bands attributed to magnesium hydride. The spark 
lines, however, are easily identified by comparison with the are in air. In 
the region beyond X2540, the five new spark lines are, in fact, the only lines 
present in most of the photographs.^ 

An iron arc comparison was utilised in the determination of wave-lengths, 
exeept for the extreme ultra-violet, where, in the absence of tabulated iro'n 
lines, the comj)ari8on sjiectrum was that of copper. 


The New Series of Spark Lines. 


Wave-lengths and other details relating to the new series lines are given 
in the appended tables. The wave-lengths are on Howland’s scale, and the 
oscillation frequencies have been corrected to vacuum. 

A mere inspection of the photographs suggests that the eight lines form a 
single series having the usual characteristies, but calculations show that they 
must be divided into two series by taking alternate lines. As the new series 
consist of enhanced lines, they may be conveniently designated £i and £a, to 
distinguish them from the other magnesiiun series, which already include 
Principal, Diffuse, and Sharp series of triplets in addition to the Kydberg 
series of single lines. 

The Hicks formula; for the two series, as calculated from the first three 
lines in each case, are 


El (j») = 49776-81 


109675 

\m -t- 0-996679 -h 0-0U1662/ni)» ' 


E2(»n) = 49776-80 


109675 

{m+ 0-496395 + 00028B4 1 my ’ 


ObHerved rnimis computed values of the frequencies (0— C) are given in 
Column 6 of the tables. 


* Fowler and Payn, ‘Boy. Soc. Froc.,* 1903, vol. 72» p. 253. 

+ Fowler, ‘ Phil Trane.,’ 1909, A, vol 209, p. 449. 

t See plate accompanying paper by Fowler and Beynolds, this vol., p. 137 
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Spark Series £i. 


m. 

■ 

WaTe*letigt}i 
( Fowler 

Limifc of 
error. 

Oscillation 

frequency. 

Limit of 
error. 

0~0 

(frequency). 

Remarks. 

1 

4481 '35 

0 03 

22808*6 

0 1 

0 0* 

Strongest line in spark. 
Exner and Hasohek’s 
2660 *6. 

2 

2061 *00 

0*06 

37609 *0 

0*7 

0 0* 

3 

2820 -08 

0 06 

42911 *6 

0*9 

o-o* 

Too diffuse for observa- 
tion in spark. 

4 

2202-76 

0 06 

453S8 0 

1*0 

+ 0*2 

1) » 



* Used in calculation of oonstants. 

Spark Series Ea. 


fff. 

Wave-lcni^li 

Limit of 

Oscillation 

Limit of 

0-0 

j Remarks. 

1 

(Fovloi-y 

error. 

frequency. 

error. 

'(frequency). 

2 

3104 91 

1 0-03 

32197 9 

0-3 

o-o* 

Exner and Hascliek's 
3106 *6. 

3 

2449 08 

0-06 

40H09-7 

0-8 

0‘0» 

Very diffuse in spark. ' 
Too diffuse for observa- , 
tion in spark. { 

4 

2263 94 

1 0 -05 

1 

44363 *3 

1 *0 

0*0* 

5 

2160 36 

1 0*10 

4614B ‘4 

2 0 

-0*8 

»» » ' 


* Vwd ui culeuluiion of ooiirttaiit4i, 


It will be seen that the calculated limits of the two series are practically 
identical, and that the values of p, differ by very nearly 0'5, ns is also the 
case with hydrogen. The two spark series of magnesium are accordingly 
similar to the two Principal series attributed to hydrogen, and run nearly 
parallel to them, as will be evident from the folhiwing comparison of the 
respective frequencies : — 


MgE, 

HPI ... 

22308-5 

21334-4 

37569-0 

36574-7 

42911-5 

41907-9 

45383-9 

44374-2 

(49775-8) 

(48764-0) 

Diff. 

974-1 

994-3 

1003-6 

1009-7 

1011-8 

Mg Es 

HPII ... 

32197-9 

31208-9 

40809-7 

39808-2 

44353-3 

43348-4 

46146-4 

45137-5 

Limit lii. 

(49776-3) 

(48763-8) 

Diff. 

989-0 

1001-6 

1004*9 

1008-9 

1012-5 


The similarity not only refers to the distribution of the lines in series, but 
also, to a considerable extent, to the manner in which the two sets of lines 
are pxcduced. 
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Besides the above lines, there are four other magnesium spark lines which 
do not belong to the series. They are very hazy in the spark itself, but are- 
well defined in the arc in vacuo. The wave-lengths of these lines are 
4384>86, 4390*80, 4428*20, and 4434*20. 


IHsctiasion. 


If the new magnesium lines are to be regarded as forming PrinoipaL 
series, the Hydberg-Schustcr law of limits would load us to expect associated 
Diffuse and Sharp series, with their common limit at 49776— 22309, i.«. at 
27467. The Bydberg series of single lines, however, has its limit at 26618, 
and there is apparently no other series which can be supposed to have any 
closer relation to the spark lines. In the case of hydrogen there is a 
similar discrepancy, but of much smaller amount; thus, 48764—21334 
=s 27430, while the limit of the Balnier series is actually at 27418*8. It 
would thus appear that the Bydberg-Schuster law, in its present form, does 
not accurately coimect the spark series with series produced in the arc. Or 
it may be that the law fails only when there are two Principal scries 
converging to the same limit. 

Attention may be called, however, to another possible relation between the 
spark and the Bydberg series. If, in the application of the Bydbetg- 
Schuster rule, we use the variable part of the £a spark equation given by 
7)1 m 1, in place of the actual limit of the series B| and £i, we get a much 
closer approximation to the limit of the Bydberg series. Thus, VBi(l)* 
= 48791, and, if the first line of series £i be sublractetl from this, it gives 
26482, differing by 136 from the limit of the Bydberg series. A still closer 
approximation is obtained if a simple Bydberg equation be calculated for 
series £a, namely, from the first two lines. 


E*(»t) = 49772*4 


109675 

(m + 0*498 1 16/' 


This gives Y£a(l) = 48867, and subtracting 22309 as before, the result is 
26558, differing by only 60 from the limit of the Bydberg series. 

In view of the approximate character of all series equations, there is thus 
a strong suspicion that the spark series may be related to the Bydberg series 
in such a way that the limit of the latter is equal to the difforeuoe between 
the variable part of the equation for the second spark series with m as 1 and 
the frequency of the first line of the first spark series It should be 
mentioned, however, that, in the case of hydrogen, the discrepancy is 
slightly increased if this alteration in the Bydberg-Schuster law be made. 


* In this notation V signifies “voriMble part " of equation. 
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Until other examples of spark series have been discovered, it is evident that 
no definite oonclusion can be drawn. 

An alternative view would be to suppose that the new series, both in 
magnesium and hydrogen, are series of a new type, having no necessarily 
simple relation to other series in the respective spectra. In that case the 
two series attributed to hydrogen might equally be supposed to belong to 
helium, the presence of which is necessary for their production in the 
laboratory; it is difficult to believe, however, that the close agreement of 
one of the series with the Principal series calculated for hydrogen by 
Kydberg is merely accidental. 


Additional Triplets and other Series Lines in the Spectrum of 

Magnesium. 

By A. Fowlek, F.K.S., Assistant Professor of Physics, Imperial College of 
Science and Technology, South Kensington, and W. H. fiBYNOU)S. B.Sc., 
llescarcli Student. 

(Received June 12, — Road June 26, 1913.) 

[Plate 7.) 

Introductory, 

Recent photographs of the spectrum of the magnesium arc in vacuo, taken 
piimarily for the investigation of enhanced lines,* have revealed several 
additional members of the triplet and single line series. For some of the 
previously known lines it has also been possible to obtain improved wave- 
lengths on account of their greater sharpness under these conditions. It is 
believed that the results will fonn a useful contribution to the general study 
of series lines, and they have accordingly been brought together in the 
present communication. 

For the representation of the series, the Bitz formula, as modified by 
Mogendorfff- and Hicks,} has been employetl, namely 

109675 

* See Fowler, this vol., p. 133. 

t ‘ Boy. Acad. Amsterdam Proc.,' 1906, vol. 0, p. 434. 

} <FhiL Ttana,’ 1910, A, voL SIO, p^ 57. 



138 Messrs. Fowler and Eeynolds. Additional Triplets 

where n gives the oscillation frequencies of successive lines corresponding to 
integer values of m; w, is the convergence frequency, or limit, of the series; 
109,676 is the general series constant derived from the Baliuer series of 
hydrogen lines ; and a are constants to be determined for each series. In 
some oases, it has been necessary to introduce an additional term /Swi“*in 
the denominator, as found by Hicks, in order to represent the lines with 
greater accuracy. 

The siiectnim of the magnesium arc in mm), in the visible region, has 
already been described by Fowler and Tayn.* Photographs including the 
ultra-violet are reproduced in Plate 7. They show the bands attributed to 
magnesiuni hydride, together with the lines which are characteristic of the 
arc, spark, and flame. In the visible spectrum the Eydberg series of single 
hues is well developed, while in the ultra-violet the triplets and spark lines 
are striking features. Observations have shown that the spark lines are best 
developed on the negative pole, while the arc lines are especially conspicuous 
in the green flame. 

In the tables which follow, the wave-lengths are on Rowland's scale 
throughout, and oscillation frequencies have been reduced to vacuum. 


The Diffuse {First Svhm'dinate) Series of Triplets. 

Details relating to the Dilfuso series of triplets are given in Table I, 
Kaysor and Bunge’s values being included for comparison so far as they go. 
The formula calculated for the less refrangible components of the triplets, 
from the first two and last of the observed members of the series, is 


D(w) = 39758-72 


109675 

( w -h 0-831 706- 0-007687/w)* ‘ 


The observetl minus computed values of the frequencies (O— C) are given 
in Column 8 and it will be seen tliat this formula does not represent the 
series quite within the estimated limits of error, but very nearly so. A more 
accurate representation of the lines is given by including a term 
namely 

TV 109675 

xj\m) oo (^^^+o-82537H-0-023416/m-0036786/wi»)»’ 

As shown in Column 9 (0— C'), the lines are very closely represented by 
i;his equation. 


♦ ‘Bay. Soc. Proc.,' 1903, vol. 72, p, 253. 
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Table (. — Tlie DifUiwi Series of Tripb'ts. 



— 

1 


t 

- 



■ 


K. and K. 

F. and H. 






Wave- 

Limit 

o£ 

Wave. 

Limit 

of 

Oscillation 

frequency. 

Limit 

of 

erw>r 

0-C. 

O-C'. 


length. 

erwr. 

length. 

error. 




1. 

2. 

3. 

4. 

6. 

6. 

7. 

8. 

9. 

1 


1 



6708, 0360 j 




2 i 

3838 ‘4t 

0-03 



200 U ‘4 (K. B.)| 

0-2 

0*0* 

0 i>* 


82-46 

0-03 ' 



085 1 





20 '5L 

0 ’03 ' 



105 2 { 




3 

3007 OG 

0 03 . 

3007 *03 

0-03 

32278-8 (K.R)j 

0*3 

o-o* 

0*0* 


03 *1 1 

0 03 

93 -OO 

0*03 

310 7 , 

0*3 




91 -IS 

0‘0;4 

01 10 

0 ‘iHl 

3k) ‘2 

0-.3 



4 



2861 ‘70 

0-03 

.35050*0 

0*t 

-1*1 

+ 0-.3 


28>tH ‘63 

0 16 

'W *54 

0 03 

095 0 

Ot 




40 91 

0 16 

40 ‘HK ! 0 '0:i 

114 ‘9 

n*4 



6 

2730 ‘84 

0 -15 

2736 ‘63 

0 -03 

30530 ‘7 

0 *4 

-1 *6 

0 0 


33*80 

0*16 

:w -64 

0-03 

670 7 

0-4 




32 *36 

0 16 

32*10 

0 *03 

690 -5 

0 4 



0 

2072-90 

0-20 

2072 -Oil 

0 \ra 

37400 *8 

0-4 

-1 ‘2 

-0 0 


69*84 

0‘20 

69*66 , 0 03 

447 0 

0‘4 

1 



00-20 

0 20 

08 24 

' 0*03 

167 -0 

0*6 



7 

2633 ‘13 

1-00 

2032 98 

0 *03 

,37(WiH ‘8 

i 0*4 

-1 *3 

-O'l 


30*52 

1 1 ‘(H) 

30 U 

om 

3HOOO -8 

1 0*4 






28 -73 

0-03 

030 1 

0*l> 


i 

8 

(2005-4) 

1 

2000-73 

, 0 ‘06 

38361 0 

0*7 

-1*3 

-0*7 



03 -98 

0 *06 

301 ‘5 

0*7 


1 



1 

02 *69 

1 0 05 

412 1 

0*7 



9 



268H 37 

, 0 06 

38623 0 * ^ 

»o*7 

-0 9 

i -0*6 




86 03 

0 05 

004*0 

0*7 


1 




84-32 

0 06 

683-6 

0*7 


1 

10 


1 

1 

2676 *02 

, 0‘05 

36823 ‘4 

0*7 

-0*4 

-0*1 




, 72 ‘03 

' 0‘06 

863 ‘8 

0*7 






70 98 1 0 10 

1 

884*7 

l*i 



11 



■ 2506 -00 

0-06 

38074*9 

0 7 

, -0*3 

-0*1 




1 62 ‘30 

] 0-05 

1 30016*0 

0*7 




1 


1 00*96 

* 0‘10 

1 030 *6 

1'4 



12 



2657-20 

! 0-06 

30092 *5 

0*8 

-0*1 

0 0 


' 


64 ‘70 , 0 *10 

132 ‘6 

1‘6 



13 

' 


2661 ‘22 

; 0-05 

30186 '4 

0*8 

! 0*0* 

0*0* 


1 


48 ‘56 

1 0‘10 

1 

226 *2 

1*6 

1 



Kc^marks. 

10 . 


Viiluod friim t}ie iwii 
fortnuliB. 

KowIkikI in Sun <T838 '-l-li 
„ iW-Vi 

„ „ a»*60 

„ „ 3007 -01 

„ oa‘09 

„ M 91 -18 


2862 '212 in 2iul order 
Ktiiting pliittrfi^rupli 


Third member 
Herred. 


not ob- 


• These lines were used in the ctilculution of oondtants. 


VOli. WCXXU.— A 


M 
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The Sharp {Second SulardimU) S'ries of TripUin, 

DelaiU of the Sharp series of triplets arc given in Table II. The 
formula rulcnlated for tlic less refrangible components from tho first three 
and the lust line is 


109675 


( w + 1-375 VAF) - 0^58307 (Hr02356/«i*)» ' 


Following HifilcB, a term has licen introduced for the better repre- 
fiontation of this series, and fi has been taken greater than unity. 

It will he seen that the eight lines ai*o represented almost perfectly hy 
the equation given above, ainl the limit of tho series only differs by 


Table IT. — Tho Sharp Seiies of Tiiplets. 


1 

K. and 11. 

F. and 11. 





1 


1 

— 

1 

Oneilla* 

Limit 

o-c 


I 

j 

] AVivve* 

Limit. 

Wave. 

Jdinit 1 

4rf 

tion 

froijuenei 

of 

opn»r. 

(fre- 
«liieiic> ). 

HcinarkA. 

1 

hnifith. 

1 

ern^r. 

lutigth. 

4rl 1 

error. 

1 j 

1 

1 

1 



1 

AIMS '84 

0-03 



102H6-() 1 

0*1 

0 *0» 

Howland in Sun 5183 *79 


72 -H? 

0 *03 



325*9 ; 



72-80 


i!7 -nri 

0 *03 



345*8 J 



07-60 

o 

333(1 '83 

0*03 



29969*1 

0*3 ! 

0*0* 

S3;i0-82 


33 *38 

0 •o;j 



.30000*3 , 



32-33 

' 

30 '08 

0’03 1 



020*1 

1 


30*04 

' rt 

30t2'2l 1 

0 *3 



, 33077-0 

I 0 -3 

0-0* 



38 O? 

0 '3 



1 34018*6 1 

1 

1 




0*3 



038*0 


i 

A BtiHing line near at 2036 *61 

4 



’3781 *4:1’ 


1 [3,6942 -aj 


o-of 





3778 *27 


1 1 983 - 2 ] 


1 1 

1 

1 



2770 73 


j 1 :16003 *2] 

j 

1 ] 
1 

1 

i 

. 2608-44 

0 -15 

, 2098*23 

i 0-03 

37060*6 

0*4 

1 -0*15 


1 

1 

1 06 -SS 

0-lG 

06 *28 

0-03 

001 *1 




1 

1 0«07 

0*16 

93 SS 

|0 03, 110*8 


i 

j 

i 0 

1 2640-30 

0'60 

2«4J> *13 

0*03 

: 87787-4 

0*4 

I -0*1 


1 

1 46-61 

0'60 

46*27 

1 0 *05 1 778 *0 

0*7 

( 

1 

1 

! 46-22 

0*60 

44 *88 

i 0*10 

1 7 » 7-9 

1*6 

1 


i 7 

I 


2617 67 

0*03 

3810*2 *4 

0 4 

0*0 

Third inexnlior not observed. 

! 

1 


14 *74 

’ 0 05 

233 *6 

0*7 



1 

! 8 



S50(i ‘01 

1 o*o:i 

1 38500*4 

0*4 

0*0* 

! i) *1 » 

1 

( 

1 

1 

1 

1 


j 03 ‘28 

1 0*06 

1 

j 660*0 

0*7 

1 



* Lulled for the oaloulation of ooiwtaTttB. 


t llie waTe-lengthii in Coluinu 4 for tliia triplet were caloulntod from the formula. The triplet falU 
in a f^roup of fire relatively strong liueei and iU oom|x>iipntB appear to be masked by lines for whieh 
the wavo-lengthd are *0S2, 3J77S*;ifl, 277<l'li0. The other two neighbouring lines are 3782*08^ 

> 779 - 94 , 
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0*12 from the limit calculated for the Diffaws Berios when the term ^nr'^ is 
introduced. 

As regards the agi*eenient of the oliserved and calculated values, li<jwcver, 
an almost equally good result is ohtainod by taking fi less than unity, so 
that in is 2 for 518I}’84. Using tlic same lines as before the equation then 
bocomes 


S(7/0 = 39760-48- 


109675 


(m +- 0-361817 -f 0*039793 0-269293/ ' 

The limit is scarcely changed, and the differences O—C are resi)Cctivoly 
0*0, O'O, 0-0, (?), +0*6, +0*5, +0*2, 0-0, Applying Kydberg's law this 
equation would lead ua to exj)ect an ultra->'iolet series, the limit of wliich 
(obtained by putting vt = 1) would be at 85540, and the first lino of the 
first triplet at 45780 (\ = 2184*36). Tlie observations include the region 
which would be occupied by this triplet, but the lines have not been 
observed. 

Hence, the first equation is probably correct, as llydberg's law' then 
indicates a principal series of triplets in the infra-red with its limit at 
39769 — 19285 = 20474. This series has apparently been observc'd by 
Paschen,* and the limit calculated from the actual lines observed is given by 
him as 20466*7. 

From the data given the mean interval between the first and second 
members of the triplets in the lliffuso and Sharp series is 40*6, and that 
between the second and third 20*1. The fonnulm connecting the second 
and third components may accordingly bo deduced by subtracting 40*6 and 
607 from the first terms of the equations representing the first members of 
the triidots given above. 


The Ixydberg Serws, 

As i»roduced in the arc in air, the lines of the Rydberg scries of single 
linos arc very diffuse, especially on their less i*ofraiJgible sides, and oxc<‘pL 
for the first few lines the wave-lengths have not previously been determine^l 
with any great degree of accuracy. The arc in vacuo gives tliem (iuite 
sharply, and advantage has been taken of this to get belter values fur tlio 
wave-lengths. In Table III the first line is from Pascheu ; the next three 
are from Rowland’s solar tables; the next four were determined from a 
photograph of the arc in vacua taken with a 10-foot concave grating, and the 
last three from photographs with a prismatic spectroscope. 

This scries has long been i-ecognised as one which cannot be accurately 
represented by a formula, and the revised wave-lengths provide a further 


^ * Alin, der PhyM.,' 1909, (4), vol. 29, p. 6A2. 
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test. The Hicks equation calculated from the first thi*ee and last lines of 
the observed spectrum is 




109675 

(m + 0*a 14582 + 0'899929/7/i -0'2697:30/m^)=' ' 


The dillercncos, ** observed— computed” frequencies, are shown in Culuniu 8. 


Table IIL—The liydberg Series of Single Lines. 


I Wave-length. 


2 

H 

4 

5 
C 
7 
K 
0 

10 

11 

12 


Previous measures. 


8807 -a P. 

6528 -HI n. 
47fW *18 „ 
4862 ‘OH 
4187 *81 K. K. 
4068 46 „ 
aOH7 ‘08 „ 


Limit 

of 

error. 


0*10 

I'OO 


F. and K. 


Wave- 

length. 


Limit 

of 

error. 


4107 ‘66 
4067 '78 
1 00 I 3988 04 
{ 3038 ‘58 
3904 '17 
1 3S78‘73 
* 3859 ‘:}0 


0*02 ' 23088 '2 F. K 


I 0 ‘02 
0 -02 
I o-oa 

I 0*03 

I 


OHcillation 

frequoiioy. 


11361 1 P. 
18082*7 K. 
2125H ‘4 „ 
22971 1 


Limit 

I 

I error. 


0*06 

0*10 


24837 *1 
26074*8 
25882 *7 
26000 ‘3 
25774 3 
25903 -5 


■ 


0 I 
0‘1 
0*1 
0*2 
0‘3 
0‘3 
0*7 


0-C. 

Bomarks. 

_ 

-180*7 

P. PuHchvn. 

0 ‘0* 

K. » Kowlaud. 

0‘0* 

X. K. = KaystT niul 

0-0* 

Uitnge. 

+ 0‘5 

F. B. = Fowler and 

+1 6 ; 

Reynolds. 

+ 2 6 1 


+ 2*8 


+ 1*7 


+ O‘0 


0*0* 



* UschI in the calcaiation of ronstanU. 


It will bo observed that even a four-constant formula does not rejirosent 
all the observed lines within the limits of error, and that extrapolation to 
the infra-red momlier of the series (m =: 2) is very defective. Further, the 
negative value obtained by putting m = 1 is 2.‘)79*7, and this is far fixjin 
being in agreement witli the infra-red line of frequency r)84i»‘6 (\ = 17108*1), 
which rageheu rcgaixls as connected with the Ifydlx^rg series. If the 
infra-red lino \ 8807 and the three following lines arc used for calculation, 
the formula becomes 

R,(m) = 26C35-40-^^^^p.2530o5+i-247337/w-0-790662/»«»)»’ 

giving 0-C, 00» 0-0* 00» O O* -l O, -3 6, -6*0, -6-4, -9 2, -11% 
—13*0. The negative value obtained by ]>utting m s 1 is now 10883*7, in 
place of the closer approximation to 6843*6, which might liave been exiiected 
from the lines employed for oaloulation. 

It is evident that the formulae given above do not well repreaent the 
Rydberg series as a whole. The limit of the series, however, is not likely to 
be far from the value given by the first formula, namely, 26618*2. 
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[Ncie . — ^An interesting result, which follows from the revision of the 
wave-lengths of the lines of the Itydbeig scries, is the identification of four 
additional strong solar lines with lines of magnesium. The details arc os 
follows, including the three lines ])reviously identified by Howland ; — 


Table IV. — Rydberg Series in Solar Spectrum. 


K. ana R. 

F. anU R. 

Kowlana. 






- 

' IntenBity 

Wave- 

Icngtli. 

Limit' 

of 

error 

Ware. 

lengtli. 

Limit 

of 

error. 

W.Te- 
Irngth in 
am. 

ave- 

leiigth in 
Hun. 

in Hun. 

5528 '75 

0*10 



5628 -87 

5528 04 

1 

47o:i -aa 

0 05 



4708 *26 

4703 -18 

10 1 

4;i52 *18 

0 05 

1 



4;)52 *08 

5 J 


1 

1 4167 -55 

! 0 *02 


4107 '44 

8 



4067 '78 

0*02 

1 

4057 07 I 

7 



aOHO *94 

0*02 


3980 -90 ' 

' 6 



3938 *68 

O’Oa 


3938 65 

4 




' 

. _ 

1 




Uouiarks. 


I’rpvioiiHly identified iu 
iSiiti us Mg 

Xilo origin ussigiiod to solar 
lino by Howland. 


It will be seen that the wave-lengths in the suti are consistently lower 
than the wave-lengths in the arc, but this may 2 )erhaps be aocounted for by 
the unsymmetrical cliaracter of the arc lines, wliich ai*e shaded towards the 
red, and would x>roduce a disidacement to the side of longer wave-lengtlis in 
the arc measurenicnts. There can be no doubt that the four irniMirtant 
solar lines in question should be assigned to magnesium. The i*eniaining 
lilies of the Ky«lberg scries cannot lie traced Mdtli certainty in the solar 
spectrum, on account of their sui>orpositioii on iron linos,] 

OUirr rrvbtfhU SeriiUf of Himjlc Linen, 

There arc two other magnesium arc lines which ap^icar to Imj related to 
the iiydberg series, though no connection has hitherlu been recognisiid. 
Their wave-lengths, as given by Kayser and llungo, arc 5711’5G and 
4730*42. Assuming that the two lines are successive members of a series, 
a simido Rydberg formula gives the limit of the series as 26632*] , which is 
V017 nearly that of the Rydberg series. It the limit then be assumed to be 
identical with that of the Rydberg series (26618*2), a Hicks formula 
indicates a third line about X4354. Tins lino has not jireviously been 
recorded, bub it is readily seen in photographs of the ordinary inagnesium 
arc taken with adequate exposure and dispersion; its wave-length is 
4354*53 ±*05. The three lines are all of the same character as those of 
the Rydberg series, but much weaker, and their intensities diminish in 
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passing to the violet in the manner charaoteiistic of series lines. The first 
line is identified by Howland with the solar line 571 1*31 ; the second is 
doubtless identical with the solar line 4730*21, though it is not assigned to 
magnesium by Bowlaiul ; and the third is probably identical with the solar 
line 4354‘43. Adopting the solar wave-lengths as the beat approximation to 
the true wave-lengths of the lines, the Hicks formula is 

Ks,(m) a 26620-65 - ^ 0-479157 -0*032160/m)» ' 

Details as to the lines are given in Table Y. 


Table V. — Tlie ISecond Series of Single Linea 



K. and B. 

F. and R. 

Rowland. 



IM. 

. 

Weve- 

leiigtli. 

Limit 

of 

error. 

Ware- 

length. 

Limit 

of 

error. 



W.vc 
length in 
Hub. 

Inteubit> 
m Sun. 

OMiilatiuii 

froquenoy 

(Rowland). 

Romarka. 

2 

3 

4 

6 

8711 -86 
4730 ■«! 1 

1 

0-18 

0-26 

1 

1 

4780*84 
4364 *63 

c o 

Sic 

6711 *31 

1 4780*21 
! 4:i54 > 4:1 

0 

2 

OKdP 

_l 

8542 *C 
17504*3 
81134 *0 
22958*8 

1 

Caleulated from 
formula. 


Tlie equation for this series suggests tliat it is of the Sharp or second 
subordinate ty|>e, wlnle the Rydlierg series is the associated Diffuse or first 
subordinate series. If this be so, the variable |>art of the equation when 
m Si 1 might 1 x 3 oxj>ected to approximate to the limit of the related 
PrincijNil series, if such a series exists. The variable ]Mirt is aotually 
52380, and the first lino of the Princii)al series would bo ex^KJctoJ at 
52380—26620 = 25760. at X3882. There is, however, no appiopriate 
line near this position. Tn anotlier it is suggested tiiat the Princijml 

scries may be the newly recognised sixirk series beginning at X44:8l 
(fmjneucy 22308*5), but this is far from agreeing with the foregoing 
oalonlation. It is not impossible tliat the first member of the Principal 
series sought for may be the strong ai*c line \ 2852 (froquenoy 86066), but 
the disoordance would then be even gi^eater than for the spark series. A 
fonnula capable of more general application in the representation of series 
is gi'eatly to be desired. 

For completeness, it should be recalled that there is a feebly developed 
series of lines whioh is also associated with the Rydberg Beries.f The wave* 

v 

* Fowler, loe. cit, 

f Fowler, * Roy. Soc. Proc.,’ 190S, vol. 71, p. 4S0. 
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lenf^ths of these lines are about 4511*4, 4251*0, 4106*8, 4018*8. A Hicks 
ec^uation, calculated from the first three lines, gives the limit of the series 
as 26683*2, while if the term fim"* be introduced by using all four lines 
the calculated limit is 26613*0. These are as near to the limit of the 
liyilberg series as can Ije exi)ected from the approximate wave-lengths 
which can alone l)e obtained. Tlie series may be reganled as a third 
Hulrardinate one. 

Summary. 

1. Eight additional triplets have Iteen measnreil in the spectrum of the 
magnesium arc in ■oatm, six of which belong to the Diffuse and two to the 
Sharp series. Eor some of the pwviously known linos improved wave- 
lengths have also been obUiiiuMl. 

2. Four additional members of the Kydberg series of single lines have 
also been )>hot(tgTa)>hed. Even a four-constant formula dues nut accurately 
reju'esent this series, 

3. Four strong stilar lines of pi*eviouHly unknown origin have been 
identified with lines <»f the Ilydiicrg series, namely, 4167*44, 4057*67, 3986*90 
.3938*55. 

4. A previously unrecorded line at 4354*53 may be united in a series with 
the known lines 5711*31 ami 47.30*21 having the same limit iis the llydlierg 
R(>ries. Tills series is jirolMbly of the »Shur]i or seitoiid subonlinate type. 


DESOEIPTION OF PLATE. 

The pbotogi-apliH hIiow the 8])ectnim of the nmgnt^Hium arr in mono between wave- 
lengtliH 5750 and ^IGO, and iudiuKto the variouH Horiee in which the lineH have been 
clawsified. The Jrttei w at the side have the following Hignifieance ; — 

llj, Kydberg Heriee of single linen. 

K.J, Probable Hooond Hiiboitlinate to liydlwrg sorieft. 

D, Diffuse (Ist sub.) series of triplets. 

8, Sharp (2nd biiIj.) series of triplets. 

y 1 

^ j Series of spark linos. 

In addition to lines of magnesium, the photographs show the magnesium hydride 
bands in the neighbourhood of 600, 521, and 480, and a background of faidt lines <lu6 
to the same substance. There are also a few lines due to impurities of calcium, iron, 
and nuuiganeiie, the moat prominent being those of oalciuiu at 3dS4, 3988, and 4227, 
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A New Band Speehmm Associated wth IleliuniJ^ 

By W. E, Curtis, B.Sc., A.K.C.S., D.LC., Demonstrator of Astrophysics at the 
Imperial College of Science, South Kensington. 

(Communicated by A. Fowler, F.KS, Keceivod Juno 12, — Road June 26, 1913.) 

[Plate 8.] 

Introduvlory^ 

In the course of Prof. Fowler's recent fjhservations of tlie principal series of 
hydrogen linos in tlio spectra of heli?im tuhosf tnices wore fre<iuently seen 
of a hand si)ectrum tfie origin of which was unknown, and of which no 
previous record could he fouud.J 

The moat prominent features visually were hands having their heads at 
about X\6400, 5732, 4049, and 462G. The hand at 5732 was degraded 
towards the violet end of the spectrum, the opposite being the case with the 
other three. Although in the first instaiuje the new bands were always 
comparatively feeble, they were such a freipient and persistent feature of the 
spectra of the various tubes that it was thought tlosirablo to investigate their 
origin, and to determine their positions. It was soon found possible, by 
choosing suitaldo conditions of pressure and discliarge, to obtain tlie new 
spectrum quite brightly, when a number of oilier bauds were observed, some 
visually and others by photography. 'Phose bauds wi*re evidently associated 
with those first noticed. 

CandUimis of ObservfUion. 

The discharge tubes employed were mostly of the ordinary Pliicker form, 
and were sealed on to an apiiaratus consisting of a tulxi containing clevcite, 
potash and phosphorus peiitoxide tubes, ami a charcoal bulb. After the 
whole apparatus liad been exhausted by means of a Gnedo pump the cleveito 
was heated, and the gases given off were passed over the potash and 

^ Shortly aftsr this paper wiui coniiuunu'Ated to the Society a i*eprint of a papor 
describing the same spectnim was received from Dr. K. riuldHteiii. It bears the title 
“ t^ber eiu uoch uicht betichnclwnes, anMcheinend deni Helium angehOrendes Spektrum 
(‘ J>eut. Phys, Gea.,* vol. 15, p, 10). Dr. GoldsteinV reaiiltH appear to have been obtained 
under conditions very Himilar to those described in the present paper, and tlie tao 
accounts of the spectrum are in close agreement. 

t A. Fowler, * Monthly Notices li.A.S.,’ 1912, vol. 73, p. 62. 

I While the present investigation was in progress it was found that a liand spectrum 
liad been €>bserved by W. Heuse in the positive column of the discharge in a helium tube 
of wide bore (* Deut. Phys. Ges.,’ 1900, vol. 2, p. 16). The spectrum was there attributed 
to helium, but no description or measurements were given. 
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phosphorus pentoxide into the vacuum tube. Tho cliarcoal was then cooled 
with liquid air, and absorption allowed to proceed until no further changes 
were observed in the spectrum. The discharge was kept running for some 
hours in order to clear ofT as much gas tis possible from the electrodes. It 
may be mentioned that as far as carbon impurities were concerned this 
treatment proved very effective. Several tubes pi'epared in this way and 
then sealed off show no trace of carbon bands after a great deal of use. 
Hydrogen, however, could not be eliminated in this way, Tlie new sjiectrum 
was not seen until the carbon (Angstrom) bands had practically disappeared, 
leaving the helium lines the pi'edominant feature of the spectrum, with 
hydrogen present in small quantity, and frequently some mercury. The 
pressure of the helium in the tube depended upon the amount of heating to 
which the cleveitc had been subjected. In most cases it was reheated several 
times, and absorption allowed to proceed to the limit in each case. 

As a result of the examination of a number of sealed tubes containing 
various gases (helium chiefly in nine cases) it appears that the following are 
the principal facts bearing on the development of the new bands : — 

(1) The only substances common to all the tubes from which tlie new 
sj^ectrum was obtained were helium and hydrogen, the fonnor being tho 
chief constituent in every case. 

(2) A moderately high pressure is desira!)le ; the test results were obtained 
when the pressure w’as just too high lo ]>eniiit of the formation of the 
Crookes dark sjMice round the cathode. 

(3) With an uncondensed discliarge (ic., with no capacity in the secondary 
circuit) the new bauds were faintly visible both in the cai)illary and the 
bulbs. They could be obtained very much more brightly, however, on 
introducing a little ca{>acity and a short s^uirk-gap (1 or 2 mm.), but then 
appeared only in the bulbs. On increasing the current through the tube 
beyond a certain limit, either by lengthening the s])ark-gap or by increasing 
the capacity, the new spectrum began to decrease in relative intensity. 

(4) The evident association of the new spectrum with that of helium 
suggested that it might possibly occur in c*elestial spectra showing the lines 
of the latter element. An examination of a number of such s^^ectra has. 
accordingly been made, but without result. 

JDeacription of the New Spectrum^ 

The wave-lengths given are only approximate, as tho bands arc in many 
cases of such a nature that the precise positions of the heads could only be 
determined after a complete analysis of tho speotrum. Tho bands are 
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degraded towards the less i-efrangible side in erery ease save one, this 
exception being that marked and having its head about 6732. 


t 


WaTe-length 

(I.A.). 


Reference 
letter in 
Plate. 


r 6909 
\6810 
62G0to 
6760 
6792 
J5133 -7 
16112 
6066*1 
r4648'66 
14626 *63 
4646*4 
4600 to 
4400 
4167 *8 
4060 to 
3000 
3777 
r8077 
' 3666 

r8866 6 

' 3848 *6 
'3206 
^ 3201 
‘9123 
\8ll8 


a 


y 


8 


K 

n 

$ 

I 

K 

A 


Remarle. 


Very Atroijg head* 

Companion head ill^defined, but probably about here. 

Many obvioue band-lines in this region, but no Msily recog- 
nisable heads. 

Very strong single head t band degraded towards violet. 
Although weak in photographs, these lieads are fairly con- 
spicuous visually. 

Faint single head. 

Very strong heads } bands well developed. 

Strong single head. 

Many strong lines, but no obvious lieads. 

Fairly strong single head. 

Many strong lines t positions of lieads uncertain. 

Fairly strong single head. 

Strong double head. 

Fairly strong double head. 

Rather weak double head. 

Very weak double head | too faint to show in reproduction. 


Probable Origin of the Bpectrnm. 

In the prenent state of the experimental evidence it seems reasonable to 
attribute the new spectnun to helium, but further work will be necessary 
before the question of its origin can be regarded as definitely settled. The 
matter is complicated by the presence of hydrogen in all the tubes 
examined ; if this could be completely removed, and the new speotrum 
were found to persist, there would be no reason to suppose that any 
substance other than helium is concerned in its production. Up to the 
present, however, attempts to get rid of the hydrogen have not been 
Bucoessful, so that it is necessary to admit the possibility of hydrogen being 
connected with the origin of the hands. 

It may be remarked here that the presence of hydiogen may easily be 
overlooked unless a careful examination is made. For example, a tube may 
show no trace of the hydrogen lines either in capillary or bulb when the 
uncondensed dischatge is employed, and show them burly strongly in the 
bulbs on introducing the condenser, yet still give no trace of them in 
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the capillary. An incidental illustration of such a case will be found in 
Plate 8, 1. 

I am greatly indebted to Prof. Fowler for the constant interest he has 
taken in this work. 


DESCRirrtON OF PLATE. 

1 (a). New 8pectruin> ehowing also the helium and hydrogen lines. 

(6). Helium comparison) obtained from capillary of same tube with unoondensed 
discharge. Note complete absence of hydrogen lines in this case. 

11 (a) and 111 (a). Portions of new spectrum (with lines of helium and hydrogen) taken 
on a Littrow prismatic spectrograph. 

11 (^) and Iron arc comparisons. 

IV. Portion of new spectrum taken in first order of 10-foot Rowland ooncave grating, 
showing structure of hands d and «. 


Studies on the Processes Operative in Solutions (XXX) and on 
Enzyme Action (XX). — 27ie Nature of Enzymes and qf their 
Action as Hydrolytic Agents. 
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On Trigonometrical Series whose Cesdro Partial Summatiom 

Oscillate Finitely. 

By W. H. Young, F.K.S., Profoflsor of Mathematics in the University 

of Liverpool. 

(Received May 21, — Read June 19, 1913.) 

§ 1. Rieiuaim’s remarkable theorem, which, in the extended form given to 
it by Ixibesgue, by virtue of the use of the concept of generalised integration, 
asserts that a trigonometrical series is a Fourier series if it converges every- 
where, except at a reducible sot of points, to a function which is summable 
and has a value, or values, everywhere finite, lias been discussed, and still 
further extended, by a relatively large number of writers.* The object of 
the present communication is to state and prove certain results which 
include all those at present known. They are as follows : — 

L 7/ the upi^er aiid lower ficmtimis of the mceesswn of the Gemro partial 
mmmations^ index not yreater than unity ^ of a trigonoimirical mrien 

QO 00 

2 (orCos^u’+irsinra’) = 2 A,, 

fs=l r^l 

which is such that a» 0 and -♦ 0 ow oo , are sumviable, and everywhere finite 
except possibly at a set of points which contains no perfect svib’Sety then the series is 
a Fourier seines, 

II, If the upper and lower functions of the snccession of the Cesdro partial 
sfummationSy index k (0 ss A<1), of a trigonometrical scries 2 A,, are svmmahh 

r=l 

and everywhere finite^ then the seHes is a Fourier series. 

§ 2, In the proof of these results all turns on the use of upper and lower 
derivates of a generalised character, Itf{x) denote the function, it is open 
to us to consider, not merely the limits of 

[f{x+h)^fix^h)y2K 

* -It will be sufficient for the purpose of the present oonununication to refer to the 
following 'W. H. Young, On the Conditions that a Fourier Seiies should have the 
Fourier Form,” ' Lond. Math. Soc. Proc.,' 1910, Series 2, vol. 0, pp. 421-433 ; Maroel 
Biesz, “Uober summierbaro trigonomotrische Eeihen,” ‘Math. Ann.,* 1911, vol. 71, 
pp 34-73 ; l>e la Vall6e Poussin, " Sur TUnicit^ du B4voloppement TrigonomStrique,” 
‘ Bull de TAcad. Boyale do Belgique,’ 1912, pp. 702-718, and 1913, pp 9-14. We 
shall also have occasion to I’efer to L. Fej3r, “ Untersuch ungen Uber Foorier'sohe 
Beihen,” ' Math, Ann.,’ 1903, vol. 38, pp 31-69. 
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for example. We may, as is well known, consider with advantage the limits 
of the expression obtained from this formally by integrating numerator and 
denominator with res].>ect to h separately between the limits 0 and h. The 
expression so obtained, though not conceived of in this manner, has indeed 
formed the subject of considerable discussion. No one appears, however, to 
have seen the advantage that could be obtained from the consideration of the 
expressions obtained when the process in question is repeated. L, Fej6r, in 
his very valuable paper ,* employs in fact an entirely different expression 
which has not the simple properties of tliose here referred to. By a known 
theorem in tho theory of indeterminate forms such expressions as those made 
use of in the present communication have at each stage limits lying between 
the limits of each of the expi’essions obtained at a lower stage. 

This fact enables us to see that the higher expressions share the striking 
properties shown by do la Vallco Poussin to be possessed by * 

{F (u; + fe) + F (x- A)- 2 F 

A modification of Fejer’s reasoning is tlion all that is required to obtain 
the main theorem from which the first of the results given in § 1 
immediately follows. 

To obtain the second of tho results we have then merely to make use of 
certain simple facts in the theory of CesAro summation, due essentially to 
Knopp and Marcel Biesz, though not os far as I am aware explicitly stated 
by them. 

§ 3. As regards the importance of the results here exposed, this does not 
consist meroly in the fact that they include previous results as special coses. 
This will be evident if we reflect on tho part played by CesAro summation in 
the theojy of Fourier series. We know practically nothing al>out tho mode 
of convergence, or oscillation, of a Fourier series when summed in the 
ordinary manner, except in one or two isolated instances. On the other 
hand, all such series converge almost everywhere when summed in any 
Ce8i.ro manner. Thus, the upper and lower functions of such CesAro 
partial summations have the same degree of summability as tho function 
ooiTOsponding to the Fourier series, differing, in fact, from it only at a set of 
content zero. That the most general results hitherto obtained, chose due to 
de la Vall6e Poussin, remarkable os they are, are not final, is then at 
once evident. It should not be necessary to have information with regard 
to the ordinary upper and lower functions, in order to say whether a 

* Loe, eit,^ supra. Marcel Bieaz'a interesting investigationa {loc, cit.) ore closely 
connected with Fej^r's, 

t Loc. cit, supra. 



152 Prof. W. H. Young. Trigonometrical Series whose 

trigonometrical series is a Fourier series ; it should be sufficient to have the 
corresponding information with regard to the Ges^ro partial summations. 
It is precisely this step which the results of the present communication 
enable us to take. Moreover, in this way the investigations which took their 
rise in Riemann's paper take a more or less final form which brings them into 
formal analogy in some sort with the necessary and sufficient conditions 
1 have shown to hold that a trigonometrical series should be the Fourier 
series of a function of a certain type. These necessary and sufficient 
conditions are, in fact, expressed in the language of Cesitro summations. 

The interest is further enbance<l if we appeal to the analogy between the 
properties of Fourier series when summed in the Cea^o manner with the 
properties of derivates. The analogy is a striking one. Thus we have 
the pair of theorems : — 

If a functioifi in an iatcfjral. Us If a trigoitotta tnml snnes conmrgcs 

ujypcT ami lowrr dericatn agree exempt to an iniegral^ the npper and longer 

at a act of content zero, (Lebefigue.) fundimis of its derived srnVs, m/ven 

hifmmed m ang OesAro mn^imr, agree 
eveept at a set of content zero. 

Lebesgue’s Theorem remains true when for an integral wo write a function 
of bounded variation, and I have recently shown that the same is true of tho 
analogous theorem. 

We are thus naturally led to inquire whether the counterpart of 
Lebesgue’s Theorem, also proved by him, has its correspondent in the theory 
of Fourier series. The present paper enables us to answer this question in 
the affirmative, and in this way to complete the analogy. We have, in fact, 
the following pair of theorems : — 

If the derivates of a function are Iftfu upper and lower functions oj 
mvmifble and finUe evmprhere^ the the derived series of a tiiganonietrical 
functimi is an integi'ol. (Lebesgue.) series, when summed in some CesAro 

vmnner of positive index less than 
unity, are smimahle aivdJmUe efoery^ 
where, the trigon&inetTiml series ooti'- 
vr}ges to an integral. 

Moreover, corresponding to the known extension of Lebesgue’s Theorem to 
which I have called attention, in which exceptional points are permitted, we 
have a corresponding extension of its analogue in the theory of Fourier 
series. 



153 


Cead/ro Partial Summations Oscillate Finitely. 

§ 4. We shall now obtain the theorem which corresponds to that proved 
by Fejdr.* I give it in a form which we can at once apply. 

Theorem. — Jf 

F(r) = —X (arC08w + 7>,8in n>;)/r^ = — S 

I'sl r^f* 

ami K(^) = S Ar/r^ 

I ?= ! 

the former scries^ and therefore the secomi, necemiribj concerging hg virtue of a 
mhmiumt mulitwu, and if hy B (a;) we denote the upper function of the 
mcceasion of the inoitnli of the partial bummatiom of SAr v'lmi summed m the 

r « 1 

Cesdro laaunerj index unity ^ then the Hviita of 

G(h) = [K(a; + /l) + K(a^-/0-2K(a;)-/t»F(x)]/fV/^^ 

as h--^ Of are immerindli/ less than A*S (./*), where k is a constant iiulependmt of x, 
it being here assumed that ^ (.i;) is Jimle at the point considered. 

W(! have 

ral 

whence 

G{h) = S A, 2(1-008 rh)yy^^7^h^ = 2 A,<^(/70, say, 

ral »=?1 

so tliat Lt (f>(t) = Lt 2(<— sin t)/^^ =s 1. 

n 7t 

Now write s„ = A,. S# = 2 Sr/ii. 

js-l r-»l 

Hence 

7M 

G(//) = Lt XAri»{rk) SB Lt[«i^(A)+(«a— si)^(2/j)+--- + (sii«— Sm-i)^(«»^)] 

»t-»Qo 1 = 1 

= Lt[«i (A) — ^ (2 A)} + . . . + Sm-i { ^ (m — 1 A)— 4 > + »m^ {mh)] 

= 2 «, {^(rA)— <^(7+1A)), 

since, by §5, infra, s^jm is hounded, and m<p{mh) for fixed h vanishes as 
m 00 . ThuH 

* Loc, cit.^ pp. 62-65, Fcj^i-'s theorem statee that if Ic^ converges (Cl) and 

*» - 5c,, S, - ** I 1 1 rU) I <M/«*+c when 0<I<1, 

n as 0 « T * 

40 

then F(^} « Sf^ih(nt) converges for every positive value of and if ^(0) » 1, the limit 

M as 0 

of its sum when 0 is the Ges&ro sum of the series 
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G(A)=Lt[Si {<^(A)~^(2A)} + ... 

+ {»iS«— {4>{mh)—^{m+ lA)}] 
= Lt[Si{0(A)-2^(2A)+^(3A)} + 2S,{4(2A)-2^(3A)+^(4A)} + ... 

m-*« 

+ (?w — 1) S«-i 2^ (?« A) + <^ (w + 1 A)} 

+ wSm {<^ (7//A)— ^ (//i + 1 A)}]. 

Now Sm has finite up}^r and lower bounds at the point x considered, while 
mtfi {mh) and (wT+l A) have each the unique limit zero as oo , therefore 
the final term on the right of the last expression vanishes as oo . Hence 

G(A) == S rSr {^(rA)~2^(7n//) + ^(M:2A)}. 

r=il 

Now we can find a point X, internal to tlie interval {rA, (/•+2)A} so that 
Tlierefore 


I G (A) I - i r I S, 1 2 A^ 1 4>'XXr) \ , [rA < X. < (r + 2) A], 


r^l 

M N 


rlSr|2A»|f '(X,)l +X r\Sr\2h^\<p" {Xr)\ r|S,|2A»|^"(X,)|, 

r«l r=M + l r«N+l 


where M is a number independent of h, but depending on e, such timt> for 
values of 7i>M, lies between u(x)-^e and whence, denoting by S 

the greater of |u(a')| and 

|S,|<S + e, (M<r), 

and N is such that (N— 1)7^ = 1 < NA. 

We can confine our attention to values of A so small that MA < 1, and 
therefore M < N. 

Now 0(^)/12 5= 2(1 —cob0^"‘*. 

Therefore 


4>*'{t)J12 =t 2ca8^ .^■'* + 168in/. 40 (1— cosO^”*** 

= r« {4+2(1 “■cos ^)+ 16 sin t 20 (sin 
Hence for all values of t 

I <l>" (0 1 s 12r « (4+ 2 + 16 + 20) s br*, say, 
while, since Lt|4"(0| s 1/15, 

t-.u 

we see that, for ta2,\ (t) | is numerically less than a certain corresponding 

number e. In particular, for values of r sN, since Xr <(N+2)A, we have, 
provided A < 1/3, 1 4 " (0 | < c. Hence 

1G(A)| a l rS,2A»c+l r(S+e)2A»c+| r(S+«)2A%X,-*. 
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The first summation on the ri^ht has, since M is independent of h, the 
unique limit zero as A -* 0. The second summation is c (S + e) N (N + l)h*, and 
has, therefore, the limit + Finally, since 

Xr-*^(r+2)-*h-* < N*(r+2)-*A-> 
the third suinmatiun is less than 

2J(S+«)N*2r(/-+2)-*<2J(S + e)Na2 »-» 

rs»NH r-N+» 

< 2 A (S + e) N» [ < A (S + e), 

Jn 

Hence, finally, 1 (i (A) ] s H + (c + 6) (S + e). 

where H vanishes with h, for values of h less than 1 /3, and leas tliaii I /M, 
where M depends on e, and e is as small as we please. Tims 

Lt lG(A)|siS, 

where A; = i + c Ih independent of 

§ 5. If we next make the hypotheaia that and Iiave zero as limit 
when cjo , it at once follows that the series of which F(a;) is the sum oonverges 
uniformly, and that accordingly F(a5) is a continiwms function. It also 
follows that, as liimann has shown, 

F (x + A)- F {X) V (x^h) - F ix) 
h k 

has zero as unique limit, as h-^0. 

Further, as we liave already remarked, the upper and lower limits of 
G{h) = {K{x+h)^K{x^h)^2K{x)^h^V{r)}f^h* 
lie between those of 

{F(x+A)H-F(u;^/0-2F(a;)}/Aa, 

Hence, on the hypothesis sUted in the first of tlie theorems stated in § 1, 
it follows that, if /(,/;) be any one of the limits of G* (A), it is one of the 
limits of the latter expression, and is suniinable and finite except at the 
jfoints of a set E wliich lias no perfect sub-set. In fact, by the theorem of 
§ 4 it is numerically less than a function liaviug these projierties. 

We have therefore only to apply Theorem 7 of de la Valhio Poussin s first 
pajier, above cited, to see that our theorem is true,* 

* Here we may conveniently make use of the theoi^ni that a trigonometrical serieH is 
a Fourier series, if its second integrated series converges to a repeatecl integral More- 
over, the function of which it is the Fourier series is the second differential coefficient of 
this repeated integral See W. H, Young, toe. ciL 
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§ 6. Now let us omit the hypothesis that and converge to zero. Then 
it will no longer be possible to assert a priori that the expression 

Y(x+h)-¥{x) 

h h 

approaches zero as A-^0. Thus the reasoning of §5 will no longer apply. 
We can no longer indec'd assert that K (x) is contimious, unless we suppose, 
which is the case in the enunciation of our .second theoiem, that the given 
trigonometrical scries is sumniable (Ci), whei*o k has some value less than 
unity. It is then ix)ssible, as is shown below, to i)rove that the series of 
which F (x) is the sum convergt'.s uniformly, so that F(.r) is continuous. We 
are thus able to use de la Valldo Poussiirs Thoorein 6, and so obtain a proof 
of the latter of our two mam results. Tn our argument we make the tacit 
assuin]»tiou tliat, if the upjK*r and lower functions (Gk) of a series are finite 
at an as8igne<l ])oint, the same is true of the upper and lower functions (C^'), 
whore k* > L Moreover if the former are sumniable, so ai*e the latter, these 
being in fact less in alisolutc value than a immeiieal multiple of the furmei*. 

§ 7. It remains then to show that if the series oscillates boimdedly (Ci), 
and denote the ordinary i>artial suiiiiaation of the series, then is 

bounded, while the series obtained by divuling each tenn by the kih jwwer of its 
place in the series oscillates boundedly when summed in the ordinary manner.* 

Denote by Sn the Ces&ro partial suinination. Then, in the case in which 
A* = 1, the re<|uired result follows immediatoly from the equation 

«»/«= {w*S»— (»— l)Si,-i}/w, 

and the equation 

2 c./n = 22 S„-i/n(w+l)+Sm-i/w+«m/*’- 

n-1 n=l 

When k is not unity we write 

r(*+l)(l-y)-*-‘ 2 = 2 S,<«nV. 

W-l ll=»l 

whence multiplying both sides by (1—y)*'*’^ and comparing coefficients the 
second of the results follows. 

The first n)sult follows similarly by multiplying both aides by (1— y)*, and 
using the fact tliat 

(1— 7/)-*2c.y, = 

§ 8. We have also to obtain a relation between the partial summations 

* From this follows that the first, and therefore the secondi of the aeries in the 
enunciation of § 4 converges everywhere. 
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tfik) and tho parlial mimmationH (Ci'). For this puriwae wc Lave merely 
to uae the equation 

2 « (1 -?/ Qi' > k). 

Now write k' —k a/), and expand on Ixjth sideH, and equate coefticients 
of y". 

SnjqMJse m a fixed number jmj big that, for n»M, is less than its 

up})er bound as n-*<», when a suitable small qimntity n has been added to 
the latter. Then, for a > m the limits of tlie coelVnaent of y* on tlie left, 
taken in absolute value, are <‘xpi-eHKible in terms of the limits of the 
coefficient of //" on the right-liaml side, by means of an iue<inality. The 
required result then easily follows. Thus we obtain tlie result tliat the 
upper limit of the modulus of the Cesftro iMirtial smaniations (C/') is less 
than a numorical multiple,* imUqiendeut of .<•, of the corresponding upiter 
limit of the modulus of the Cesilro ])artial summations (Ck). It accordingly 
follows that, if the Cesiro pirtial summations (C/,) have the projierty 
hypothecated in tlie second theorem of §1, the Cosaro summations (Cl) have 
the same jtroperty. Thus the theorem of §o is apiilicalde. 


* It i« of course nut neceeiiary for our piirpueo hei’o to show that this numerical quantity 
ie unity. 
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Atomic Specific Heats between the Boiling Points of Liquid 
Niti*ogen and Hydrogen. I . — The Mean Atomic Specific 

Heats at 50 ® Absolute of the Elements a Penodic Function 
of the Atomic Weights. 

]]y Prof. Sir James Dbwau, F.RS. 

(Received Mcay 29, — Itcad June 19, — Revised July 30, 1913.) 

A method of determining the specific heat of substances at low tempera- 
tures was described in a paper on “ Studies with the Liquid Hydrogen and 
Air Calorimeter,”* also in tlui abstract of a lecture delivered at the Royal 
Institution entitled “Liquid Hydrogen Calorimetry ,*'f where the apparatus 
then used is illustrated. 

Continuing the use of the same method, but with some modifiGation of the 
apparatus, the investigation has been extended to a large number of inorganic 
and organic bodies. In this later series of experiments, the measurements of 
the specific heats of materials by the liquid hydrogen calorimeter were made 
over a range of temperature from boiling nitrogen to boiling hydrogen, a fall 
of temperature of some 57® Abs. 

Weighed jaeces of the material are cooled to the temperature of boiling 
nitrogen in a quartz cooling vessel of special design. By a simple mechanical 
device they are then released from this vessel, and <irop into liquid hydrogen 
in the calorimeter below. The resulting volumes of hydrogen evaponited 
ai'e measured. From this value and a knowledge of the latent heat of the 
liquid hydi-ugen and the mass of the substance, the specific heat is calculated 
as follows : — 

If V is volume of hydrogen at N.T.P. evaporated by the fall of I grm. of 
the substance through T degrees above the temperature of boiling hydrogen, 
and a its specific heat, L being the volume of hydrogen evaporated by 
1 calorie, then 



The latent heat of liquid hydrogen is taken as 115 calories, and therefore 
L = 97'05 c.c. ; also in these experiments T is constant (57®'5) therefore 

« = Vx 0-0001792. 

Thus the hydrogen volumes measured are reduced to V at N.T.P. and simply 
multiplied by the constant factor 0*0001792, thereby giving the specifio heat. 

♦ * Roy. Soe. Proa,* A, vol. 70, pt 3S16. 
t *Roy. Inat Proc.,’ 1904, vol. 17, p Ml. 
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The following examples show the actual volumes of gas dealt with : — 

The observations were : hydrogen measured over water at 14° G., barometer 
771 mm. ; calorimeter alone 8 o.a per minute. The hydrogen evolved by 
dropping any material into the calorimeter is all collected during about 
15 seconds. The volumes observed are corrected by 2 c,c. due to calorimeter 
alone. 

1 grni. Pb gave 168 c.c. 

frozen drops of normal propyl alcohol ; 0'2o4 grin, gave 219 c.c. ; 0*275 gnu. 
gave 254 c.c. 

Frozen bullets of acetic acid : 0*352 grin , 282 c.c. ; 0*342 grm., 268 c c. 

Frozen ballets of benzene : 0*273 grm., 188 c.o. 

Tabulated results (factor for correction of gas to N.T.P., 0*9499) : — 



Hydrogen Tolumea 




Substance. 

at N X P. from 



Apparent values. 

Lead 

1 gram. 

- 

169*6 

0*0286 

6*92 

Atomic ipeoifio heat 

»-Propyl alcohol 

881*2 

0 *1666 

0*47 

Molecular ,, 

809*6 

0 *1669 

0*86 

II II 

Acetic acid 

764-4 

0*1862 

8 12 

II M 


787*0 

0 *1322 

7 44 

>1 II 

Bensone 

648*6 

0 *1161 

0*07 

II II 

_ _ 







Applying the correction explained later on for heat absorbed in transit, 
when the neck of the calorimeter is not cooled witli lupiid air, the following 
are the mean results : — 


Substance. 


Real values. 

_ 


— - - 

Lead 

0*0240 

4 *07 Atomic speoiftc heat. 

a-Propyl alcohol 

oiaoo 

7 *80 Molecular „ 

Acetic acid . .. 

0 *1128 

»-74 

Bensene 

0*0976 

7*62 „ ,. 1 


In my earlier paper* the value of the latent heat of hydrogen was taken 
as 122*92. Five observations were given varying ±5 about this mean 
value. This was determined on the basis of 0*0291 being accepted as the 
mean specific heat of lead from 15° 0. to 20° Abs. Several Willard Gibbs 
vapour pressure formulte, however, calculated from the vapour tensions of 
liquid hydrogen, give a mean value of 115 for the latent heat of hydrogen, so 
that the specific heat of lead over this range would seem to be 0*0272. 
Accepting the value of 115 for the latent heat of hydrogen, the resulting 
* 'Boy. Soo. Froe.,’ A, voL 76, p. 3SA. 
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value of the specific heat of lead from 80° Abs, to 20° Abs. is now 0*02399. 
This is the mean value of a series of nearly 30 observations. The greatest 
variations fn)m this mean value were 0*0247 and 0*0233, bub the majority of 
the values varied to a much less extent. This is equivalent to an atomic 
specific heat of 4*965. It may be mentioned that a computation from 
Nernst and lindcmann’s* real specific heats of lead within the same range of 
temperature gives the mean value 5*18. 

In the observations with the liquid air calorimeter the specific heats were 
calculated in each case by direct comparison with lead observed at the 
same time, as explained in the earlier paj^ers. This is most convenient 
because li(|uid air varies in composition on standing, and therefore in the 
volume evapomted by unit amount of heat. 

Liquid Air Calorimetry . 

A few results obtained with tJie form of calorimeter used in 1904 with 
liquid air may be recorded. They were all reduced by comparison with 
lead done at the same time, using the value for the specific heat of lead 
given in the earlier paper, viz,, 0*0290 from 195° Abs. to 85® Abs. and 
0*0295 from 15° C. to 85® Aba, 





Atomic heats 

Subatance. 


and molecular 
speciito heats. 

1. From 195" 

Abs. to 85" Abs. 

Nickol carbonyl, Ni(CO )4 .... 

0-1068 

28*22 

Iron carboiivl, Fv(CO)a .. . . 

0*1468 

20-17 

Nickel 

0-0786 

4*38 

Iron 

0*0727 

4*06 

Para-cyanogen, (CN), 

OH62 

3 *02 X » 

Silver oyiimde 

0*0680 

9*11 

Tantalum 

0 *0280 

6*07 

2. From 16* 

C. to 86* Abs. 

Silver oyatude 

0 0926 

12 *38 

(CN) 

0-17B8 

(4-08)« 


The values of the molecular specific heat of carbonic oxide by dififerenoe 
are 5*97 from the nickel carbonyl, and 6*02 from the iron carbonyl. The 
relatively high values of the iron and nickel to that observed between 
80° Abs. and 20° Abs. are also noteworthy, viz., 4*06 and 4*33, compared to 
0*98 and 1*22. 

Some observations were done with liquid nitrogen instead of liquid 
hydrogen, under the same conditions, in the form of calorimeter now 
* ^Sitzungsber. d. BerL Akad.,' 1911, p. 404. 
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described. They were reduced on the basis of the value 48*9 for the latent 
heat of nitrogen at its boiling point, as given by Fischer and Alt in 1902. 
The method of calculation was thus similar to that employed with liquid 
hydrogen. The values obtained, which are probably a little too high, were 
as follows : — 

; 

Bubttanoe. i Atomio heat. 


1. From 15’ C. to 77*3’ Abs. (B.P. of nitrogen). 


Iiead 

0*0800 

6*21 

Biiimuth 

0*0206 

6-14 

Thallium 

0*0311 

6-36 

Alumimum 

0 1787 

4-71 

MagneBium 

0-8068 

5*05 

2. From 195“ Abs. to 77*3’ (solid CO3 to liquid nitrogen). ' 

MercuTv 

BUmutn 

O'OSIS 

0-0291 

6-26 

0-O6 

Thallium 

0-0308 

0*30 

Aluminium 

0*1640 

4 17 

MagneBium 

0 *1660 

3-78 


The liquid hj^drogeii calorimeter is a glass cylindrical bulb vacuum 
vessel A (fig. 1) of 50 c.c. capacity, silvered, with ^ cm. slit. The inner 
diameter is 3 cm. On to the neck, contracted to about 1*7 cm., is sealed 
a glass tube B of ec^ual diameter and 38 cm. long. This projects about 
8 cm. through the brass coned fitting cap F of an ordinary slit silvered 
vacuum vessel in which it is supported. A side delivery tube, 1 cm. 
wide, provided with a stopcock D of 8 mm. bore, is sealed near the top 
of B. A short length of rubber tubing on the neck of F makes a 
gas-tight joint with B. To miTiimise splashing, and to reduce the impact 
of the falling pieces, a thin strip of german silver or lead E, bent out near 
the top into a shoulder about 1 cm. square, stands centrally in the calori- 
meter A. The strip is cut from a thin tube of about the same diameter as 
the calorimeter neck. A short length of the tube is left above the shoulder, 
and supports the strip by titling loosely into the neck of A. The 
shoulder is arranged just above the level of the liquid hydrogen in A, which 
is at least three-quarters full. Some such device is essential in the use of this 
form of the liquid hydrogen calorimeter. 

The calorimeter in its turn is immersed in liquid hydrogen in the sup- 
porting vacuum vessel C, the neck of the calorimeter being 8 to 10 cm. 
below the liquid hydrogen surface. This vacuum vessel C is only slightly 
wider than the lower part of A, and is provided with a coned cap F, 
whereby it is also supported and completely immersed in a wider vacuum 
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vessel G containing exhausted liquid air. G is also fitted with a brass 
coned cover, fitting vacuum-tight on to the cap F on C. Both caps are pierced 
by two thin tubes, one for fitting on to the filling syphons, the other, bent 
at right angles, serves for connecting to the exhaust in the case of the 
liquid air vessel, and in the case of the liquid hydrogen vessel to the 
stopcock leading tho evaporating hydrogtin through the upper part of the 
apparatus. 

This arrangement thus chargeil only needs a little liquid air sucked in 
every one and a-half liours. The liquid hy<lrogen vessel will not need 
replenishing for at least four hours. The level of the liquid hydrogen in 
the calorimeter does not fall 1 cm. in six hours with constant use. The 
bulk of the materials added roughly conqieiisateR for the volume of the 
liquid hydrogen evaporated. It is important that this level should not 
materially change, since, after striking the slioulder, bodies move more 
slowly, ai*e deflected on to the cold wall, and low results are obtained due to 
longer cooling of the materials in tlie va]>our before being immersed in the 
liquid hydrogen. 

The isolation of the calorimeter was such that loss than 10 c.c. of hydrogen 
gas was evaporated from it per minute. The whole apparatus is supported 
between the cork-lined spring jaws mounted on a heavy inetul base, on which 
the outer vacuum vessel rests. 

The cooling vessel H is connected by india-rubber IuIm^ to the top of the 
calorimeter. It consists of an ordinary cylindrical slit silvered vacuum 
vessel, 20 cm, long and 7 cm. wide, with a central axial open tube K sealed 
in below. This tube passes through the liquid in the vacuum vessel. It 
has the same diameter below as the neck tube of the calorimeter. Near 
the top of the central tube a side tulie J, of about the same diameter, and 
some 3 cm. long, serves for the introduction of the weighed pieces of 
material, which are all cooled previously to the temperature of liquid 
air, and then fall on to a thin metal disc V fitting loosely the tube K, 
where they remain about 15 minutes. P is supported by being hinged to 
two thin ebonite rods, L and M, fixed to a brass fitting cemented on to 
the top. The rod L is not fixed directly to tho disc but to a meial ring R. 
From the ring R two thin vertical steel wires are connected freely to two 
points on tho circumference of the pan below. This rod and the attached 
ring can be given a vertical motion by a crank N in the top fitting, 
thereby tipping the pan and releasing the piece of material, which then falls 
freely down into the calorimeter. The level of the pan placed about H is 
approximately one-third the vertical height of tho cooling vessel. Quartz 
was found to be safer than glass for the construction of this vessel. A high 
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vacuum was maintained by a croBS*tube S, opening to the annular space, 
filled with charcoal. 

At the temperature of boiling nitrogen, the convection currents in the 
central tube of such a vessel, when connected to the calorimeter below, 
have no serious effect on the temperature in the tube at a reasonable distance 
from the bottom, provided the central tube be not wide. The difference of 
temperature in tiie tube and in the surrounding liquid was found to be only 
0*5° when the tube was 1*5 cm. wide. With a larger pattern vessel the 
width of the central tube was increased to 2'2 cm., and even here the 
difference was under 3° at the level of the pan. These temperatures were 
measnreil by a small helium thermometer, consisting of a 4 c.c. bulb 
to which was sealed a small mercury manometer of fine capillary tubing. 
The thermometer was filled with pure helium to 273 mm. pressure at 0° C. 
The reading of the mercury manometer thus gives, with slight corrections 
previously determined, the absolute temperature. It is scarcely necessary to 
add that, by exhausting the liquid nitrogen, a lower initial temperature than 
78° Abs. can be secured. 

The hydrogen evaporating from the liquid in the vacuum vessel C, in 
which the calorimeter is immersed, is employed in the interval of obser- 
vations to maintain a hydrogen atmosphere through the neck of the 
calorimeter and the connected measnring tubes. Kisk of solid air in the 
calorimeter neck is thus obviated. A simple arrangement of a three-way 
cock T, connected at the top of the brass fitting on the central tube of the 
cooling vessel, allows this to be manipulated. The hydrogen thus passes 
continually in at the tubular top of the fitting on the central tube of the 
cooling vessel, and out through the stopcock on the calorimeter neck, and 
through the cooks to the measuring vessels. When an observation is to be 
made, the three-way cock is tunied to allow the hydrogen current to 
escape to the laboratory, thereby cloeing off the calorimeter, which now 
only connects to the collecting and measuring vessels V and W. 

V consists of a glass tube 8 cm. in diameter and 40 cm. long, open at the 
bottom and provided with a wide T-piece at the top. The tube is immersed 
to the neck in water in a glass cylinder, and is counterpoised by a weight 
and cord running over a pulley just above. It is thereby readily raised during 
the time gas is being evaporated from the calorimeter; this ensures that 
no back pressure is produced. One arm of the T-piece is open and connects 
to the stopcock D on the calorimeter neck ; the other is provided witli 
another small stopoook and connects to a 200 o.c. gas burette W similarly 
immersed in water. This latter stopcock is closed during the collecting of 
the gas from a dropped piece of material. This being completed, the caloric 
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meter stopcock is closed while the evaporated hydrogen gas is measured by 
transference to the burettCi the slight continual evaporation from the 
-calorimeter meanwhile finding a vent through the three-way cock T at the 
top of the cooling vessel which is now turned on. These arrangements are 
necessary to secure the minimum impediment to the evaporating hydrogen, 
which is usually evolved in leas than 10 seconds, any temporary back 
pressure being fatal to concordant results. At least 15 seconds are allowed 
for collecting the gas given off, and even longer, in some cases, witli badly 
conducting bodies. 

A slightly different form of calorimeter vacuum vessel was used on some 
occasions, but without modifying the results. Instead of the constriction at 
the top of A, a ground conical neck was used of the same diameter as the 
inner tube. This neck was fitted with a similar ground conical hollow 
tube sealed on to the tube H. Anhydrous glycerin was used to make the 
ground joint tight at the low temperatures. The wider neck in some ways 
simplifies the preliminary manipulations, and allows a more efficient arrange- 
ment to }>6 securely fixed for preventing splashing, and breaking the fall of the 
bodies dropped into the calorimeter. The arrangement is shown in the side 
sketch B. It consists of a light counterpoised trap door hinged at the lower 
end of a conical brass or german silver tube, supported in and fitting to the 
inner tube ot the calorimeter. A small lead ball on a wire soldered to the 
trap door keeps this closed until struck by a falling sphere, wliile shutting 
it again immediately after its passage. The conical tube above the trap 
door is pierced with several small holes to leave a free passage for tlie 
evaporating hydrogen. The addition of a gauze filter to intercept spray was 
found to be impracticable, the resistance introdiiced causing back pressure. 

As far as possible the materials used were cast in the forms of spheres 
about 8 mm. diameter, and for tliis purpose the use of an ordinary bullet 
mould was found convenient. In the case of liquid bodies, the mould was first 
cooled by liquid air. Frequently liquids were frozen into solid cylinders in 
thin glass tubing, and pieces cut off after removing the gloss mould. The 
metallic mat.erials were in some cases fused into buttons of convenient 
weight in an exhausted quartz tube. The lead, however, of which many 
pieces were required, was cut from rod, and subsequently squeezed in a small 
spherical mould. 

Volatile bodies were weighed at a low temperatui'e on a light germau 
silver pan supported by a thin platinum wire suspension from the balance 
pan about 2 cm. above the level of liquid air contained in a wide deep 
vacuum vessel. Some materials would not make coherent bullets or cast 
aticks. These were filled into very thin walled cylindrical metal capsules 

VOL. LXXXIX. — A. p 
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of equal weight, so that a preliminary determination of the volume of 
hydrogen evaporated by the metal of the capsule gave the correction. They 
were then cooled on an aluminium dish floating on liquid air. filled with the 
fluid, and weighed separately. Materials which could not be fused were 
compressed hydraulically into small blocks and cut up into pieces of suitable 
dimensions. 

At least three pieces of every substance were dropped. The results 
rarely varied among themselves by more than 2 to 3 per cent. Very 
frequently the agreement was within 1 per cent. In order to ensure good 
results, uniformity of shape and size in the pieces of material used is 
desirable, so that the manner of release and fall shall be comparable : because 
in the use of this instrument the materials have to pass through a region 
of the neck, between the cooling vessel and the calorimeter, where a con- 
siderable gradient of temperature exists. It is necessary that, as far as 
possible, the bodies used shall bo subjected to this variable region in the 
same manner, so that the amount of heat absorbed in transit shall be 
nearly the same. This value was determined in the following manner. The 
warm portion of the calorimeter neck between the cooling vessel above and the 
vacuum vessels below was cooled by being surrounded with liquid air placed in 
a simple temporary fitting. Observations with various kinds of bodies were then 
made. The comparison of the reduced volumes now obtained with the values 
given by the ordinary use of this particular form of the instrument gives the 
correction factor. Many confirmations of the specific heats were made with 
this addition to the instrument. In the latest form of the calorimeter the 
neck is always surrounded with liquid nitrogen, thus abolishing all heat 
correction. This improved calorimeter gives results differing but slightly from 
the corrected values of the old instrument. The value of the atomic heat of 
lead is detennined before and after any series of experiments os a check 
on the constancy of the instrument. 

The values of the specific heats given will include any heat of trans- 
formation of glassy or crystalline modifications or other comparable change 
produced by the ooolii^ to 20° Abs. Another effect is produced by some 
materials when used in the form of hydraulically compressed blocks. Such 
as are porous exhibit in varying degrees the phenomenon of heat evolution 
due to liquid hydrogen passing into the capillary spaces, thereby rendering the 
observed specific heat too great unless the proper correction is made. Any 
sir occluded during the preliminary cooling of the porous material to liquid 
air temperature before being introduced to the hydrogen calorimeter is also 
included. Some of this air would be replaced by hydrogen through diffusion 
while in tlm hydrogen atmosphere in the central tube of the cooling vessel 
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of boiling nitrogen ; but the true remedy is the preliminary cooling of such 
porous bodies in a hydrogen ntinosphore to the temperature of lifiuid air. 
That heat evolution continued in many cases for some time after the dropping 
of the material was shown by an increased rate of evolution of hydrogen 
from the calorimeter. As stated above, this is normally less tlian 10 c.c. 
per minute. In some instances the introiluction of porous material increased 
this for some time to more than 30 ac. per minute. 

The values set out in Table I lor the mean atomic specific heats of 
63 elements at about 50° Abs. represent the results of some 200 calorimetric 
observations. When plotted in terms of their atomic weights, they 
reveal definitely a periodic variation resembling generally the well-known 
Lothar Meyer atomic volume curve for the solid state. The relation 
between the two curves is shown in fig, 2. If experiments were similarly 
made between the boiling points of hydrogen and helium then in all 
probability the atomic H}x$cific heats would bo all very small and nearly 
constant. 

Until more accuiute values of the atomic heats have been reache<h by the 
use of jmrer samples of the elements and the latest form of this calorimeter, 
it will be advisable to delay theoretical discussion. 

The second part of this paper will contain the moleciilar specific heats of a 
series of inorganic compounds ; while a third part will include similar values 
derived from the examination of types of organic bodies. 
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Table I. 


Element. 


Lithium 

Gblucinum 

(Aoheaon graphite) 

Diamond • * ' 

BoAivaa 

Magneiium 

Aluminium 

Silicon, fused, eloo. cruo. .. 
„ oryatalliBed .... 


Phosphorus 


SulpliuT . . 

Chlorine . • • 
Potassium .. 

Calcium 

Titanium 

Chromium 
Manganese 
Iron . 

Niohel . 

Cobalt 

Copper 

Zino 

Arsenic 

Selenium 

Bromine . . • 

Rubidium . • 

Strontium, impure 

Ziroonium 

Molybdenum . . 

Ruthenium ... 

Rhodium .... 

Palladium . • 

Silver 

Cadmium 

Tin 

Antimony 
Iodine 
Tellurium .. 

Cnsium . 

Barium, impure 
Lanthanum 
Cerium ... 

“ Dxdymium 
Tungsten . . 

Osmium 
Iridium 
Platinum 

' Gold 

Mercury 
Thallium 

Lead 

Bismuth . . 

Thorium 
TTranium . . 


Atomic weight. 


7*08 
9 1 
11*0 
12 0 
12 0 
28*0 
24*4 
27*1 
28*4 
28*4 
31*0 
31 0 
82 

86*46 
89*15 
40*1 
48*1 
62 1 
65 

65*9 
68*7 
69*0 
63*0 
65*4 
76*0 
79*2 
79 *96 
86*1 
87-6 
90*6 
96-0 
101*7 
103*0 
106*6 
107*93 
112*4 
110 
120*2 
126*97 
127 *6 
132 *9 
137*4 
138*9 
140 *26 
14*2 
184 
1910 
193*0 
194*8 
197*2 
200 
204*1 

207 

208 
232*6 
288*6 


Bpeoiflo heat. 


0*1924 
0 *0187 
0 *0212 
0*0187 
0-0028 
0*1619 
0*0718 
0*0418 
0*0303 
0*0308 
0*0774 
0*0431 
0*0646 
0*0067 
0*1280 
0*0714 
0*0206 
0*0142 
0 *0220 
0*0176 
0*0208 
0*0207 
0*0246 
0*0384 
0*0268 
0*0361 
0*0458 
0 0711 
0*0560 
0*0262 
0*0141 
0*0109 
0*0134 
0*0190 
0 *0242 
0*0808 
0*0286 
0*0240 
0*0861 
0 *0288 
0*0513 
0*0860 
0 *0322 
0*0330 
0-0326 
0*0095 
0*0078 
0*0099 
0*0136 
0*0160 
0*0232 
0 ‘0236 
0*0240 
0*0218 
0*0197 

I 0 *0188 


Atomic heat. 


1*36 

0*126 

0 - 24 
0*16 
0*03 
8*60 
1*74 

1 - 12 
0*86 
0*77 
2*40 
1-84 
1*75 
8*43 
6*01 
2*86 
0*99 
0*70 
1-26 
0*98 
1*22 
1*22 
1*66 
2*62 
1*94 
2*86 
3*62 
6*06 
4-82 
2*38 
1*36 
1*11 
1*88 
2*03 
2*62 

3 - 46 
8*41 
2*89 
4*59 
3*68 
0-82 

4 - 80 
4*60 
4-64 
4*63 
1*76 
1*49 
1*92 
2*63 
8-16 
4-66 
4*80 
4*96 
4*64 
4*68 
3*80 
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The Thermal Effects produced hy Heating and Cooling 
Palladium in Hydrogen. 

By J. H. AiJDiiBW, M.Sc., Eeflearch Fellow and Demonstrator of Metallurgy, 
The University, Manchester, and A. Holt, M.A., D.Sc., Header iu 
Physical Chemistry, The University, Liverpool. 

(Communicatod by Dr. G. T. Beilby, F.R.S. licceived Juno 17,— Read 

June 26, 1013.) 

It is agreed by all observers that a chaiigi' in the extent to which hydrogen 
is occluded by palladium takes place? at a tcmperatui’e of about 100® C. 
This change might be the n»sult of (1) a polymori)hic transformation in the 
metal, or of its surface layer ; (2) the formation or dissociation of a comjwund 
or solid solution with hydrogen, ami, further, the occlusion may be of a dual 
nature — surface ad8orj)tion and diffusion into the metal — these jdienomena 
may take place at different temperatures. 

Since the pressurc-teiniXiratUTe-conoentratiou relations of hydrogen to 
imlladium have alrea<ly been the subject of detailed investigations by 
HoitHema(l), Roozeboom, and others, and the changes in electrical resistance 
resulting from occlusion of the gas have beim examined by Fischer and 
Sieverts (2), it appeared advisaVdo to attack the problem from a thcnnal stand- 
l)oint, since it has been found that occlusion of hydrogim by the metal is 
accomi>anied hy an evolution of heat. 

This aspect of the (question has already been the subject of oxi>eriment8 by 
Ramsay, Mond, and Shields (3), who argue that if the heat evolution is solely 
the result of condensation of the gas, the heat evolved during the condensa- 
tion of equal volumes of hydrogen by different metals should be the same. 
Calorimetric observations by these authors showed that this was not the case, 
at any rate for jialladium and platiniun, the values obtained exhibiting 
a greater divergence than coiild be accounted for hy exi^rimental error. 

The above hypothesis assumes that tlie gas is condensed in a similar 
manner by the two metals, but the great difference in the volumes occluded 
by unit volume of each metal does not, however, support this contention. 
For example, suppose the gas to be merely condensed on the surface of the 
one metal either as molecules, or molecular complexes, whilst in the other 
case it is dissolved in the atomic condition. In both cases a certain amount 
of heat would be evolved, but in the latter this amount would be diminished 
by that absorbed in dissociating the gas molecules into atoms, the heat of 
solution of the gas in this condition not being taken into account. 
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Thermal Effects in Palladium. 

Little is known concerning the condition of the hydrogen occluded by 
palladium. From density detenu inations it appears that the gas is present 
in a quasi-solid condition, whilst the experiments of Sieverts (2), point to the 
prolMibility that at temj>eratures up to the melting point of the metal the gas 
is dissolved in the atomic state. 

Holt, Edgar, and Firth (4) have shown tlmt a close analogy exists between 
the })henornena of occlusion of hydrogen by palladium, and by charcoal, and 
according to McBain the gas absorbed by charcoal is present as atoms. 

Since any change in the condition of the gas must be accompanied by an 
evolution or absorption of heat, the study of heating and cooling curves of 
hydrogen-x>a]ladium should afford valuable data, and it is the study of such 
curves that constitutes the ))reseut coiumuuication. 

Palladium in thrf*e different forms was used for the exi>eriments : thin 
foil (about 0‘1 mm. thick), black, prepared by strongly igniting palladium 
ammonium chloride, and fused metal in the form of a button. The metal 
was heated in either hydrogen, air, or m vamoy in an electrically heated 
porcelain tube furnace. The whole apimratus is illustrated in fig. 1. The 



furnace was so constructed that a vacuum could bo maintained on the outside 
of the heated portion of the tube, in order to give a uniform rate of cooling. 
The outer jacket consisted of a hard drawn copper tube, to which gunmetal 
ends were brazed. Between these ends and the porcelain tube were inserted 
rubber rings, which could be expanded by means of screw caps, thus forming 
air-tight coiineotioufl between the tube and outer jacket. The porcelain tube 
was surrounded by water coolers at both ends. The leads for the heating 
circuit were passed through air-tight insulators in the outer jacket. Upon 
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evacuating the space between the tube and outer jacket, it was found possible, 
on account of the vacuum and higli inflecting power of the copi)er, to cool 
the furnace at a regular and conii>aratively rapid rate, even at low tem- 
peratures. Full details of the furnace are to be found in a previous publication 
of one of the authors (5). 

For detection of thermal changes in the palladium, a platinum-platinum- 
iridium thermocouple, previously calibrated over the range of temperature 
concerned, was employed. 

In the case of the fused buttfm of palladium, contact w;is made by 
inserting the thermocouple into a small hole drilled in tiie specimen, whilst 
when using iialladiuni foil or black, the metal was encloH«)d in a ([uartz lube 
and closely packed round the end of the couple, a pad of asbefitos keeping 
the whole in position. 

The wires from the therjiioctuiple lying inside the furnace were msuluted 
from each other by means of a two-hole fireclay tube, and passed through 
a rubber 8toj)2>er, which made an air-tight joint at one end of Uie 2>ortMilain 
fcul)e. Outside the Btoi)ix)r they were soldercil to cojujer lea<ls, whicli in turn 
were connected through a Garjx^nter-Stansfield potentiometer to a dArsonval 
mirror galvanometer. The cold junctions were kept at 0° C. by immeising 
in ice. 

The other end of the porcelain tube was connected to a manometer, 
hydrogen reservoir, and an automatic sprengel pump with three fall tubes, 
the details of this portion of the apparatus being apparent from the 
illustration. 

The experiments grouped themselves into five categories : — 

(i) Heating and cooling the metal in v<zcuo. 

(ii) Heating and cooling the metal in hydrogen, after allowing it to 
occlude gas in the cold, until the initial heat evolution had ceased, and the 
metal had regained its normal temperature. 

(iii) Heating and cooling the metal in hydrogen immediately after the 
above treatment, and consequently without preliminary occlusion of gas and 
evolution of heat. 

(iv) After cooling in hydrogen and evacuating in the cold, the metal was 
heated, and the gas still occluded was continuously removed by the pump. 

(v) Admitting hydrogen to the metal heated in vacuo, and cooling in 
the gas. 

In all experiments the hydrogen was maintained at a constant pressure, 
slightly higher than that of the atmosphere, in order to prevent inward 
diffusion of air through the rubber stoppers. 
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The first series of experiments in which heating and cooling enrves of the 
metal in vaeuo were taken are illustrated in figs. 2 and 3. In the actual 
experiments, time readings were taken at constant intervals of temperature, 
and the differences in time taken to cool, or heat up, through this constant 



Fig. 2. — Hoatiug Curves of Palladium in vac/no^ 
Noh. 1-7. Palladium foil No. 8. Palladium black. 


temperature interval, at different temperatures, are plotted i 4 ;aiust actual 
temperature readings. 

The method of plotting is what is generally known as the “ inverse rate 
method,” the values of being plotted against those of 0, where 

t ss time and 0 the temperatiure. 

It will be seen from figs. 2 and 3 that, whilst no thermal effect of any 
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magnitude is indicated, small changes in the slope of the curve are apparent 
at certain temperatures. These might be attributed to experimental error, 
since they are of very small order, were it not for the fact that the tem- 
perature ranges over which they persist are nearly coincident in all the 



Fio. 3, — Cooling Curves of Palladium in vacuo, 

Nofl. 1-7. Palladium foil. No. R. Palladium black. 

curves. More probably they are an indication of some transformation within 
the metal, since they represent heat absorption daring beating and heat 
evolution on cooling — complementary effects. If a slow change over a wide 
range of temperature took place, no great deviation from normal heating and 
cooling curves would be apparent. 

Though the results of the above curves are by no means conclusive, the 
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authors are inclined to believe that they do indicate an allotropic change, 
and this belief is strengthened by a consideratiou of the experimental worH 
of other investigators on hydrogen-palladium. 

Palladium black, even after au interval of many years, appears always to 
possess the property of immediately occluding hydrogen, witli evolution of 
heat. A sample of black which had been untouched for over 30 years was 
found to be in no way different from the freshly prepared substance. If, 
however, a sample of black be molted into a metallic bead, this properly is 
almost entirely destroyed. Such an inactive bead can, however, always bo 
reactivated by heating to a red boat in air. The probable effect of this 
treatment is to produce a film of oxide, which in the presence of liydrogoii 
is at once reduced, giving a surface of spongy metal intensely active towards 
hydrogen. On long standing this property dies away, a phenomenon not 
observed in the case of palladium black. The reduction of an oxide by 
hydrogen, or the decomposition by heat of such a compound as ammonium 
palladium chloride, gives idse to the production of amorphous palladium, 
which, if un contaminated by the stable crystalline form, undergoes no change. 
This would satisfactorily explain the activity of palladium, for whilst the 
pure amorphous block (which alone appears to possess the property of rapid 
occlusion of gas) would remain in the mota-stable condition, a film of spongy 
amorphous metal on a crystalline mass would gradually tend to crystallise, 
owing to the presence of the stable phase. 

A somewhat parallel case is that of grey and wliite tin. Each variety 
apart from the other is more or less stable, but if present together in physical 
contact (as in the case of a mass exhibiting both varieties) the meta-stable 
passes gradually to the stable form. 

It is stated by Ramsay, Mond, and Shields that a unit mass of palladium 
in any form wdll occlude the same volume of hydrogen. This occlusion may 
be, and probably is, an intrinsic property of the metal, but the extreme 
variation in the rate of initial occlusion of gas, as well as the decay of this 
rate with time, requires a separate explanation, and the above hypothesis 
appears to satisfy the experimental observations. 

It has been pointed out that palladium black is probably amorphous, 
since it has been produced by decomposing a compound at a temperature 
lower than that at which tlie metal melts, and crystallisation in the case of 
a metal is usually associated with cooling from the liquid state, and it is 
this form alone which is able to bring about rapid occlusion of the gas. 

It is now usually believed from the work of Beil by (6), Bengough(7), 
Rosenhain (8), and others, that under certain conditions the crystals of a 
metal are surrounded by an amorphous metallic cement. Beilby showed 
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that this amorphous material is readily formed upon subjecting the metal 
to strain, the slipping of the crystols over one another giving rise to its 
formation. Bengough, however, considers that this amorphous material is 
present in all metals and alloys, whether they have undergone any mechanical 
treatment or not. Both, however, consider that this cement ultimately 
disappears with rise in temperature, the temperature at which it ceases to 
exist differing in each metal. Koscnhain has carried the matter further still, 
and quotes experiments to prove the existence of this amorphous cement at 
all temperatures below the melting point. 

If this bo tho case, it follows from what has been said that palladium 
cooled from tho molten state will contain a minute amount of amorphous 
matter, and hence should exhibit the power of rapid occlusion of the gas 
very feebly. 

It was found that the activity of palladium in tho massive state was 
considerably affected by first allowing it to occlude giis and then pumping 
it off ; not only was its activity preserved, but it was increased. In the 
May lecture of the Institute of Metals, 1911, Dr. Beil by makes the following 
suggestion with regard to tho action of gases upon crystallisation. He 
says: “The gas molecules as tliey find their way among tho metal molecules 
of the solid are quite capable of producing sufficient inovemonl to arrest 
crystallisation, or even to flow tlie crystals which are already formed into 
the amorphous variety,” Dr. Beilby's theory offers a very likely explanatioji 
of this increased activity, tho continual occlusion and extraction of tlie gas 
giving rise to the production of the active amorphous phase. 

This view would certainly explain tlio great changes in the rapidity of 
the initial occlusion with alteration in the state of the metal. The gas no 
doubt does subsequently diffuse right into the crystals of the metal, but 
extremely slowly. A microscopical examination of tho surfaces of the 
palladium before and after saturation with hydrogen exhibited no striking 
features. In each case the metal was found to bo highly crystalline. The 
surface of the specimen which had been previously saturated with hydrogen 
had a distinctly pitted structure, dark blotches distributed in an irregular 
manner throughout the metal being evident. It is quite probable tlmt these 
dark markings are due to the presence of the amorphous metal formed 
during the evolution of hydrogen. Palladium black appeared as amorphous 
grains, with no trace of crystalline structure. 

The second series of experiments (in which tho metal, after the preliminary 
heat evolution due to initial occlusion of gas had ceased, was heated and 
cooled in hydrogen) will next bo considered. As has already been mentioned, 
palladium, in any form except black, will soiuetimes pick up gas with avidity. 
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and at others with extreme slowness, the heat evolution varying in a parallel 
manner with tlie rate of occlusion. 

Some measurements of this heat effect liave been made, which although by 
no means accurate, on account of the unsuitability of pyroinelric lueasure- 
ments for such determinations, are of interest as showing the groat differojicos 
which occur. Some values are given in the subjoined table. 


Condition of metal. 

TemjMTature before admission 
of gas. 

Biae in temperature after 
admitting gas. 


°0. 


Blafk ... 

16 

00 

niaok 

310 

6 

fused masB 

16 

3 

Fu9od maefB 

310 1 

7 

Foil (0 *1 mm. thick) 

310 

3 


From these figures, it is evident that, when hot, the lioat evolution is 
practically a constant, no matter what the condition of tlie metal may bo, 
wliereas at the ordinary icmi)eraiurc of the laboratory (about 15® C.) the 
condition of the metal makes an enormous difference. Hence it may be 
concluded that when hot the amount of gas picked up by unit mass of metal 
is constant, and cliaracteristic of the metal, whilst when cold some other 
influence comes into play. It should bo remarked that whilst the heat 
evolution in the case of the black remains fairly constant (at about 15° C.), 
with the fused mass it varies somewhat according to the state of its surface. 

Determinations were also made to ascertain the heating eflFect produced by 
admitting hydrogen to )willadium black, at intermediate temperatures Ix^tween 
the limits cited. The results are as follows ; — 


Initial temperature at which 
hydrogen was admitted. 

Rise in temperature. 

®C. 

“O. 

15 

53 

103 

21 

m 

15 

26S 

1 

8 


The rise in temperature, therefore, decreases with the absolute temiierature 
of the metal, as is to he expected from the temperature-cr)nceutmtion 
relations. The initial heat evolution upon admisaion of hydrogen is followed 
by an extremely rapid cooling, more rapid indeed tlian could be expected 
from normal cooling, indicating the probability of an endothermic change. 
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After hydrogen had been admitted to the metal, in the cold, and after any 
nitial thermal effect liad died away, the metal was then heated in the gas 
and heating curves taken. Such curves are shown in fig. 4. 



No. 1. Palladium foil which had evolved no heat \ipon admitting hydrogen at 15® C. 
No. 2. Palladium foil which had evolved heat and occluded hydrogen at 15® C. 

No. 3. Palladium black which had evolved heat and occluded hydrogen at 15® C, 

No. 4. Palladium button which had evolved heat and occluded hydrogen at 15® C. 

These curves can be divided into two classes, according as they do, or do 
not, exhibit any critical points, and it is remarkable that such points are only 
^own when there has been initial heat evolution upon admitting gas in the 
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cold. The critical points^ whether for black, foil or fused button, all possess 
a similar character. 

Axi absorption of heat begins at about 95^ C., and contimioH up to a 
temperature of about 135® C., at which temperature a rai)id evolution of 
heat begins. The absorption of heat between 95° and 135° C. corresponds 
exactly with the range of temperature over wliich tlio great decrease in 
solubility of the gas in the metal occurs, for at 95° C. (according to 
Hoitsema's values) about 750 vohimes of gas at atmospheric pressure are 
retained by one volume of the metal, whereas at 135® C. the solubility has 
decreased to about 100 volumes. 

When it is considered that critio*il changes am only observed wlien a lieat 
evolution has followed the adnussion of hydrogen in the cold, and as con- 
densation would cause such a thermal change, an absorption of heat over 
a temperature range during whicli most of the occluded gas is being evolved 
is a natural consequence. 

In fig. 5 are shown the cooling curves obtained when the metal after 
heating in hydrogen was allowed to cool in the gas. 

On cooling no prominent points were observed unless the metal had 
rapidly absorbed gas in the cold and given it off l)etween 95° and 135° 0. on 
heating. 

On cooling a heat evolution commences at about 135° and ceases about 
105° Cm this latter temperature varying somewlmt with the condition of the 
metal. Thus, for palladium black, the heat evolution ceases about 120° C., 
whilst for palladium foil it ceases about 100° C. It is evident that whatever 
may bo the nature of occlusion, the process is reversible, the evolution of 
heat on cooling, and absorption of heat on heating, taking place practically 
over the same temperature, the former heat effect being due to occlusion of 
gas, and the latter to its evolution. After the metal hod completely coole<l 
in hydrogen, it was reheated in the gas. The heating curves are shown in 
fig. 6. 

As might be expected, they are very similar in cliaracter to those of fig. 4, 
but it is remarkable that the temperature of the critical points in the case of 
palladium foil and fused button varies greatly according to the dme the 
metal has remained in contact with the gas in the cold. 

If the re-heating took place almost immediately after the metal had cooleil, 
the point coincided with a temperature of about 140® C., whilst if it had 
remained a week after cooling the point was raised to about 235® C., and 
intermediate temperatures were observed for shorter periods of time at room 
temperature. 

In the case of palladium black, this effect was not observed. It would 
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seem, therefore, that vrhcn the ratio of nur&oe to masB of metal ia not too 
great, a time limit affects the temperature at which the gas is given off on 
a somewhat rapid heating, for the point again coincides with rapid evolution 



No. 1. Palladium button only slightly active towards hydrogen. 

No. 2. Palladiam foil only slightly active towards hydrogen. 

No. 3. Palladium foil more active towards hydrogen than in the case of No. 2. 

No. 4. Palladium foil vei-y active towards hydn^en. 

No, 5. Palladium black very active towards hydrogen. 

Note , — ^When the palladium button became active, a series of curves similar 
to Nos. 2, 3, and 4 were obtained. 

of the gas. With very slow heating this difference in temperature is fotmd 
to be less apparent, so that the effect may be due to a difficulty exi>erienoed 
by the gas in rapidly escaping, otherwise it must be concluded that the 
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preHsure-conoentration values vary with the length of time the metal lias 
remained in contact with hydrogen. 

A comparison of those curves with those of fig. 4 shows that, in the case of 



Fio. 6.— Utihocitiiig Palladium in Hydrogen. 

No. 1. Aftivo palladium foil after remaining 1 hour in hydrogen at XO^C. 

No. 2. Active palladium foil after remaining 14 houra in hydrogen at 15" 0. 

No. 3. Active palladnim foil after remaining 8 days in hydrogen at lf>" C. 

No. 4. Active palladium button after remaining a short time In hydrogen at 15° 0. 

No. 6. Palladium black The tempeiature of the critical point being indepe.ident of 
the time of standing in hydrogen. 

A series of curves similar to Nos. 1-3 were also obtained with the 
palladium button. 

palladium foil, exactly similar points are observed as iu fig. 4. Tiie palladium 
button, however, gave no point on first heating in hydrogen, and little evolution 
VOL. LXXXJX. — A. Q 
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of heat was observed upon admitting the gas. A point on cooling indicated, 
liowover, that some gas had been picked up. 

A further series of curves in hydrogen was taken, but as the results were 
in every way similar to those already discussed no further comment is 
necessary. After this second series of curves the procedure was varied. 

It was originally observed by Graham, and confirmed by many other 
observers, that a portion of the occluded gas could be readily punijted off in 
the cold, whereas part of the hydrogen is held more tenaciously by the metal, 
and from the experiments of Holt, Edgar and Firth, it is probable that this 
easily removed portion represents the adsorbed layer, witli no doubt some 
of the inner dissolved gas. When the metal had completely cooled in 
hydrogen, the surrounding atmosphere of gas, together witli this easily 
romovablo portion, was pumped off. Heating curves wero then taken, the 
pump meanwhile removing the rest of tlie gas as it was evolved. The heating 
curves are shown in fig. 7 and are of considerable interest. 

The curves are of four types. In the case of palla<lium black, it seemed 
that all the occluded gas could easily be remov'ed in the cold, and hence the 
boating curves are not characterised by any points. The gas retained by the 
metal did not exceed ten volumes. 

With palladium foil, two distinct types of curves were obtained, according 
10 wliethor the metal had remained for a long or a short period of time in 
hydrogen at room temperature. 

When it had only remained a short time, aI>out 120 volumes of gas weie 
evolved on heating, or about 0*1 molecule, and the lieuting curve showed an 
evolution of heat which attained a maxiiimm at about 190® C. 

When, however, it had remained for a long period in contact with the gas, 
upwards of 890 volumes of hydrogen were found to have Ijeen picked up, 
which is equal to about 0‘7fi molecule, and the heating curve showed the 
familiar point at 190® C., a gradual absorption of heat liaving taken place from 
about 130® C. The curve is indeed similar to that sliowii in fig. 6 for 
{mlladlum after long standing in hydrogen. 

It was remarked that, in the case when about 120 volumes of gas were 
occluded, the gas on hetiting was evolved at a rate which the pump could 
easily cope with. When, however, the volume of gas was greater, it was 
evolved iar too rapidly for the pump to remove, and pressui-es of 200 to 
300 mm. wero recorded on the manometer. The failure of the pump to 
remove the gas os fast as it was evolved resulted in a condition similar to that 
existing in the experiments shown in fig. 6 where the heating was carried out 
in an atmosphere of hydrogen. 

In the case of the fused button, a condition intermediate between these 
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two dififbrent cases was observed, a result quite borne out by the heating 
curvea 

It has been shown by Hoitsema, that the portions of tho pressure-concen- 



No. 1. Pailadiiim foil after remaining a Hhort time in hydrogen at 15" C. 

No. 2. FaJladiiim foil after remaining a long time iu hydrogen at 15" C. 

No. 3. Palladium button after remaining a abort time in hydrogen at 15" C 

No. 4. Palladium black. The time of Htanding in hydrogen not affecting the curve. 

tration curves for small concentrations of gas (up to about 0'15 molecule) can 
be represented by an expresRion 0/ v^P = K, where C is the concentration 
and P the pressure of the gas, and hence it has been suggested that, at first, 
the hydrogen is dissolved as atoms. This view is, perhaps, somewhat 
discounted by the work on absorption of hydrogen by charcoal carried out by 

Q 2 
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Travers (9), though, on the other hand, it is supported by the work of McBain. 
It receives distinct confirmation from the heating and cooling carves just 
described. If the gas was dissolved in atoms, there would be a considerable 
evolution of heat when it was expelled from the metal, in the ordinary 
melecular form, and this is precisely what has been observed when only small 
volumes of gas are pumped out of the metal upon heating. No other simple 
explanation accounts for an evolution of heat 

Further, above a temperature of about 150° C., the volume of gas retained 
by the metal dues not greatly vary until the melting point is reached, and 
this volume of gas (about 016 molecule) is very rapidly absorbed. It there- 
fore api^ears probable that it is this gas which one is dealing with in the 
above experiments, and which causes the almost constant rise of 7° G. when 
hydrogen is admitted to palladium in the heated state. 

In many of the heating curves of palladium in hydrogen, and also 
palladium in vacuo, after cooling in hydrogen, as in case (vi), it is very 
noticeable that, after the preliminary absoi|)tion of heat indicated in the 
curve by a movement to the right, the curve, instead of returning to its 
normal position, moves abruptly towards the loft. This deflection in the 
curve can only bo interpreted to mean that the initial absorption of heat 
is followed by an evolution. This phenomenon is exactly the revei’se of 
what takes place at 15° C. upon admitting hydnigen, when, as it has been 
remarked, the initial heat evolution is followed by a very rapid cooling. 
This can be explained on the assumption that, whereas the absorption of 
heat on heating, and evolution of heat upon admitting hydrogen in the cold, 
are due to condensation of the gas by the amorphous material, the reverse 
thermal effects are due to the gas either going into or being driven out of 
solution of the crystulline mass of tho metal. 

The evolution of heat is most strongly evident in the curves taken after 
the metal has been in contact with hydre^u for a considerable time at room 
temperature, which is entirely what would be expected, the absorption of 
hydrogen by tho crystalline particles having bad time to take place. 

Although tho amorphous phase is meta-stable, and must disappear after 
being some little time in contact with the crystallme variety, its disappear- 
ance at 15*’ C. is not marked by any evolution of gas, all the gas condensed 
by the amorphous material being absorbed by the crystalline. The 
amorphous material merely functions, therefore, as a vehicle conveying 
hydrogen to the mass of metal. Any possibility of it remaining as a stable 
phase is contrary to phase-rule considerations. 
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Disc'iimon of RemltB and OoTichmons. 

The thermal behaviour of palladium vrhen heated and cooled in vacuo 
furnishes additional evidence of the dimorphic nature of the metal, the 
stability of the two forms depending upon the temperature. Owing to the 
stability of the two modifications when existing separately, and the rate of 
change from one variety to the other being extremely slow, it seems 
impossible to bring about any rapid transformation, with the result that only 
a very slight thermal effect is observed upon heating or cooling through the 
point of transformation. 

A consideration of the i*esults of the heating and cooling curves of 
palladium in hydrogen, and of the relation they bear to the volume of gas 
evolved or occluded at varying temperatures, also shows that, whatever the 
nature of occlusion may be, there is every i^ason to suppose that the metal 
exists in two different states, depending upon the temperature and mode of 
treatment. 

In the first place, the metal or its surface layer may bo brought into a 
condition whicli Avill enable it to occlude large volumes of hydrogen, with 
evolution of a considerable quantity of heat, at normal temperatures, tlie 
magnitude of the heat evolution and volume of initially occluded gas 
increasing with the ratio of the surface to the mass of metal. 

This rapid occlusion of gas by the metal is most probably due to the 
presence of an amorphous phase. 

This portion of the gas wdiich is occluded rapidly is probably present in 
the metal in the molecular state, or else exists as molecular complexes, for, 
upon heating, it is evolved with absorption of heat, the complementary 
effect to that which took place during occlusion. , 

The same remark applies to the large volume of gas which is slowly 
picked up by the metal on standing in hydrogen, It is evolved for the 
greater part with absorption of heat, the evolution of gas taking place at a 
higher temperature than is the case when the metal is allowed to remain in 
contact with hydrogen for short periods of time only. 

This alteration in the temperature at which it is evolved is probably the 
result of the gas having more thoroughly penetrated into the interior of the 
specimen, necessitating, therefore, greater energy to overcome the passive 
resistance offered by the metal, and cause it to be driven out. 

In the absence of an amorphous film on the surface, palladium may be 
quite passive with regard to rapid occlusion of gas in the cold ; it is highly 
probable, however, that this passivity is apparent rather than real, and that 
if sufficient time were allowed for occlusion to take place, a volume of gas 
equal to that occluded by the active material might eventually go into solution. 
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At temperatures above 100^ C., however, whatever may be the condition 
of the metal (active or passive) a rapid occlusion of a small quantity of 
hydrogen invariably takes place with the evolution of constant degree of 
heat. If, after the occlusion of this small amount of gas, the metal is 
allowed to cool in hydrogen, no critical points present themselves in the 
cooling curve. If the metal after being allowed to cool in this manner is 
now heated in vacuo, a small evolution of heat is found to occur. 

The most feasible explanation of the above phenomena is that, following 
the initial occlusion of gas molecules, which gives rise to a small evolution of 
heat, there occui*s a splitting up of the molecules into atoms. When this 
gas is expelled, therefoio, uu evolution of lieat will l)e indicated, owing to 
the combination of atoms to form molecules. The cause of the complementary 
effect not being realised upon admitting the gas to the metal at this tempera- 
ture is undoubtedly the initial heat evolution, duo to adsorption of the gas 
in the molecular form, and also the fact that the breaking up of the molecules 
into atoms is not sufficiently spontaneous to give any observable effect. 

Hydrogen may be dissolved by both the crystalline ami amorphous 
varieties of the metal, but whilst in presence of the amorphous phase 
solution of hydrogen is extremely rapid, when this phase is not present 
solution takes place but slowly. The amorphous pliase apj^ars to function 
as a vehicle for the transference of hydrogen to the crystalline phase. 

That temperature is an important factor is quite evident, when it is con- 
sidered that above a certain temperature ail varieties of palladium cease to 
occlude hydrogen in any quantity. In fact, it may be stated that above 
150^ C. all forms of the metal have an equal affinity for the gas. 

In conclusion the authors wish to express their indebtedness to Prof. 
Carpenter for the kind interest he has taken, and for the facilities which 
have enabled them to carry out their investigation. 
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Spectroscopic Investigations in Connection with the Active 
Modification of Nitrogen. III . — Spectra developed by the 

Tetrachlondes of Silicon and Titanium. 

By W. Jevons, A.K.C.Sc., B.S«., AHsistant Demonstrator of Astropliysics, 
Imperial Collejife of Science ami Techtiology, South KenHiiigt<m. 

(Communicated by A. Fowler, F.B.S. Received June 20, — Ee.ad June 26, 1913.) 

[Plate 0.] 

hitroibictory. 

In previous papers by Profs. Strutt and Fowler, accounts were given of tlio 
spectrum of the aftei'glow of nitrogen,* and of the six^ctra of various 
elements and compounds ('xcited by the nitrogen.f In the course of the 
latter investigation it was found that wirbon compounds introduced into the 
afterglow developed, in general, the spectrum of cyanogen, the bands, 
however, undergoing a curious intensity inodiiication as comi>ared with tlm 
(‘.yanogeu l»ands produced by 1,he carbon arc in air, Tlie present pai)er is 
primarily an account of an it)vestigation which has revealed the interesting 
fact that tetrachloride of silicon, when brought in contact with active 
nitrogen, imxluceM a l>and 8i)ectruin of a nitride of silicon, as would be 
anticii)ated from the close resemblance of the elemeutH silicoii and carbon in 
their chemical behaviour. An account is also given of exiKjriments on 
titanium tetrachloride in the afterglow, in which, however, no spectrum 
attributable to a nitride has Ixien noted. 

The method of producing the afterglow was identical with that adopted in 
former work, ami has heeu described fully by Prof. StruttJ 

Three spectrographs have been employed : (1) A one-prism quartz instru- 
ment giving a linear dispersion varying from .'15 to 60 Angstrom units per 
millimetre in the region \ 3900-4900 ; (2) a Littrow spectn^raph giving 
a dispersion of 9 to 12 Angstrom units per milliinetre in the same region ; 
(3) a 10-foot concave grating mounted on the plan devised by Kagle,§ and 
giving 6'5 A.U. i)er millimetre in the first order. 

♦ ‘ Roy. Soc. 1011, A, vol. 85, p, 377, 
t ‘ Roy. Sue. Proc.,' 1012, A, voL 86, p, 105. 

I Bakeriaii Lecture, ‘Roy. Soc. Proo./ 1011, A, voL 85, p. 219. 

§ ‘ AfttrophyH. Journ.,^ 1910, vol 31, p. 120. 
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Silicon Tetrachloride. 

This substance is a colourless, volatile liquid (boiling point 67*5® C.) which 
fumes in moist air. On introtluction of a suitable supply of its vapour, tlie 
afterglow became purple in colour. Tfie Bj>ectrum was found to consist of — 

(1) Uiiquenched nitrogen afterglow l>and8.' 

(2) Silicon lines. 

(3) Impurity lines of mercury (\2536, 3021, 3023) and bands of cyanogen 
(heads at X 3300, 3590, 3883, and 4216, and the associated tails). 

(4) A new set of Iw-nds in the region X 3800-4950 attributed to a nitrogen 
compound of silicon. 


The examination of this complex spectrum was facilitated by a coinimriaon 
with siKictrograms of the electric discharge through rarefied vapour of the 
tetrachloride at a pressure less than its own maximum vai»f>ur-preHSure. which 
latter is too high to allow the discharge to pass. The discharge was obseiA^ed 
‘'end-on*' through a quartz window, a continuous current of the vapour 
being maintained throughout the exposnrii in order to minimise the deposit 
of solid matter on the window. No trace of il\e Iwinds attributed to the 
nitride was detected in this experiment. The line Hjx^ctniiu of silicon was 
developed very strongly together with flutings i)rohal)ly due to the tetra- 
chloride itself. ♦ Other lines present were due to aluminium (from the 
electrotles), hydrogen, and chlorine. 

The following silicou lines were present in the afterglow. They occurred 
also in the discliarge together with well recognised si>ark lines 


X'(Rowland Bcalo). 


39058 

3020 

2987*8 

2881-7 

2631*4 

2668*8 

2532*6 


Weaker than in rliticliarge. 
Stronger „ 

j- Weaker „ „ 

Very strong. 

Very weak. 

Weaker than in discliarge. 


* The flutinga in the diacharge attributed to the chloride occur in three clusters 
(1) Between X3066 and 2805, with heads fading off in the direction of diminiMhing 
wave-lengths. 

(S)tTwo triple heads, also degraded on the more refrangible side, at X2828, 25, 23, and 
X2811‘6,09,07. 

(3) A very strong head at X 2000*5, fading off towards the red, with fainter heads on 
either side of it extending from X 2675 to 2506. 
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X (Rowland Scale), 

Fruuiinent group, occurring with a1)out the Haine intenmticH 
aa in discharge. 


} Prominent group. The first three are weaker than in 
discliargc, wliile the fourtli is very strong. 


yProiiiiiieiit group, equally well developed in the two sources. 


The siliciiu lines of greater wave-lengths than 3905*8 which occur in the 
discharge were quite indiscernible in the afterglow. This region in the 
afterglow sjicotruni is occupied by the new system of banda They are 
degraded towards the red, and the remarkable regularity in their distribution 
and character will readily be seen in the photographs (Plate 9). Some of 
the iHtnds exhibit a sudden fall in intensity at a point about four tenth- 
metres from the head, followed by a recovery in intensity before the final 
and more gradual fading off. Some beads which are under-exposed might 
thus easily be mistaken fur isolated lines. Other bands have their heads 
suppressed, the intensity maxima occurring towards the less refrangible 
portions of the bauds. These phenomena have been noted previously in the 
case of the more refrangible cj’anogen bands. 

Wave-Lengths of the New Bands. 

The positions of the brighter heads were determined from photographs 
taken with the grating, the comparison spectrum being that of the iron arc. 
For the fainter bands photographs taken with the quartz s))ectrogrsph wera 
utilised, and the limits of error are therefore considerably greater. As 
many heads as jxissible were included in the measurements in onler to make 
the discussion of the regularity of structure fairly complete. 

In the following table the wave-lengths are given in terms of the Inter- 
national Angstrom, and the oscillation-frequencies have been reduced to 


2528*6 

2524*2 

2619*3 

2516*2 

2514*4 

2507*0 

2452*2 

2443*5 

2438.9 

2435*3 

2219*0 

2218*3 

2*216*7 

2211*8 

2211*0 

2208*1 
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vacuum. The relative intensities have been estimated as nearly as possible 
on a scale of 10 for the brightest Ijand. The remaining columns refer to tiie 
analysis of tlie Iwinds which follows later : — 

Table 1. 


Wave- 

Intern- 

Hlty 

Osf'tllafcion 




Obflerred 


lenstK 

frequency 

Group 


P* 

mivitjr 

Kemarls. 

(I. A). 

(i» t'aruo). 



calculated. 


4047 

1 

20208 

I 

14 

60 

11 


4797 

2 

20840 

ir 

17 

51 

-6 


4750 

8 

31047 

II 

16 

51 

-6 


4705 -9 

4 

31244 

ir 

16 

51 

-1 


4(W5 '1 

5 

21430 

II 

14 

61 

4 


4620 -2 

3 

21696 

ir 

13 

51 

1 


46X8 -1 

2 

21648 

III 

19 

62 

-1 


4560*8 

4 

2187C 

III 

18 

62 

— 5 


4524*8 

6 

22007 

111 

17 

62 

-2 


4482 *2 

6 

22304 

HI 

16 

62 

-1 


4143*1 

8 

22600 

HI 

15 

62 

1 


4407 *7 

8 

22681 1 

III 

IV 

14 

20 

62 

53 

-i J 

Two lieadfi Bupor- 
poAcd. 

— 


[22849] ^ 

HI 

18 

63 


Head underelopcd. 







Calculated fre- 


3 ! 22927 

IV 




quency giTeu. 

4860*4 

19 

63 

0 


4845*4 

2 

23006 

III 

12 

63 

1 


4317 6 

6 

23155 

TV 

18 

63 

-4 


4277 *0 

6 

23376 

IV 


63 

-2 


4200*4 , 

J 

28466 

V 

22 ' 

64 

4 


4389*0 , 

9 

28584 

IV 

16 

63 ' 

' 0 


4311 *9 

4 

23736 

V 

21 

64 1 

1 8 


4204-0 1 

JO 

23780 

IV 

16 I 

63 

3 


4172 *1 , 

0 

28962 

1 IV 

14 

53 

1 4 


4168 *I 

4 

28985 

i V 

20 

54 

i 


4148 *0 

8 

24180 

IV 

13 

63 

1 3 


4126 -5 

8 

24227 

V i 

19 

64 

’ -3 


4116 *8 

1 

24284 

IV 

12 

58 

, 1 


4087*8 

8 

24460 

1 V 

18 

54 

1 -2 


4060 *6 

8 

24681 

V ! 

17 

64 

1 


4082 

4 

24794 

1 'VI 

22 

' 65 

7 


4016 *7 

6 

34880 

! V 

Id 

64 

3 


8999 -8 

4 

25057 

1 VI 

21 

65 

-1 


8985 *8 

6 

36082 

V 

16 

64 

i 2 


8067 7 

2 

26260 

V 

14 

64 

0 


8940-8 

4 

26811 

VI 

20 

65 

-1 


8011-8 

4 

26660 

VI 

19 

66 

1 

) 0 
! f 

> Maiked by cyanogen 


— 

[26787] 

VI 

IB 

; 66 

- J 

‘ bands (X 8888 



[26006] 

VI 

VI 

17 

1 66 

' - 1 

group). Calculated 
frequencies giren. 

8814-0 

1 > 

26212 

16 

1 66 

0 


An examination of the frequencies showed that it was possible to arrange 
them into rows and columns in the manner which has been adopted fur the 
classification of the positive bands of nitrogen, and of the less refrangible 
cyanogen bands.* 

* Fowler and Shaw, ‘ Boy. Soc. Froc.,’ 191S, A, voL 86, p. 11& 
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Table II. 

Eegularity of the New BaiulH. Oflcillation Frequencies in, vacuo (larger 
type) ; Saooe«Rive Frequency Intervals (snmller type). 

Chfoup VI V IV III ll I 

p.. .66 64 63 6a 61 60 


22 24794 132H 23466 

263 260 

21 26057 1322 23735 

26t 260 


20 

25311 1326 

23985 

1304 

22681 


246 

242 


246 

19 

25556 1820 

24227 

1300 

22927 


231 

232 


228 

18 

[25787J* 1.328 

24459 

1304 

23155 


210 

222 


220 

17 

[26006]* 1326 

24681 

vm 

23375 


206 

208 


200 

16 

26212 1.323 

24889 

1305 

23584 



193 


106 

15 


25082 

1302 

23780 



17H 


182 

14 


25260 

1298 

23962 





168 

Id 




24130 





154 

12 




24284 


* Msakod by CN bant 
t ll«ad undeT«Ioped. 
Tlio freqaenoien in the bmehoU [ } linvi 


1279 21648 

228 

1270 21876 
221 

1278 22007 1267 20840 
207 ao7 

12HO 22304 1267 21017 
106 107 

1280 22500 1260 21244 

181 186 

1281 22681 1251 21430 1223 20208 

168 166 

1281 [22849]t 1268 21690 
167 

1278 23006 

I (V 3888 group). 

been culcnlnted from Uie formula. 


The Hiiccesnive intervals of frequency taken vertically anil liurizontally 
form two arithmetical progressiotiR ; that is to say, the frequencies in each 
vertical group niay lie lepreseuteil by a formula, 

n = A' + B (ot+/*)®, 

and in each row by 

M SB A"+0 (p+w)*, 

where A', A", B and C are constants, and successive integral values are 
given to m and to p, while n and v are constant fractions. The whole 
system of bauds may therefore be represented by a Deslandres equation, 
n = A+B(»i+^)^+C(p+w)^. 

For the bands observed m takes the integers from 50 to 65, and p ranges 
from 12 to 22. The more accurately observed frequencies have been utilised 
in evaluating the constants, and the resulting equation is 

n * 1210 (p + 0-31)»-6-27(ot-006)«-9211. 
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The degree of approximation to which this formula represents all the bands 
can be seen from the column in Table I, headed Observed minus Calculated.” 

Evidence as to the Origin of the New Bands. 

The new afterglow bands are not present in the discharge 8 i)ectrum, in 
which the chloride is characterised by entirely different bands (see footnote, 
p. 188). It is probable, therefore, that the new bands are not due to a 
chloride, but to a nitrogen compound. In the afterglow reaction, chlorine is 
liberated from the tetrachloride. Prof. Strutt has tested qualitatively the 
white solid which was deposited on the inside of the afterglow tube iii these 
ex])eriiiionts. The deposit was put in caustic potash solution, and a small 
quantity of liquid distilled off; this gave a strong Ncssler reaction, while 
blank tests with the potash solution alone gave negative results. This proof 
of the presence of nitrogen in the <leposit confirms the 8 pectroscoi}LC evidence 
of the nitride origin of tlie new bauds. 

It may be recalled that Weiss and Engelhardt* have described the 
formation of a nitride, having the apprcixirnate formula 81 . 3 ^ 4 , by heating 
silicon in nitrogen at 1300-1400® C. They have also prepared, by other 
means, another compound, Siam's, which, wlieii ignited and washed with 
hydrochloric acid, gives lise to a white nitride, 8 iN, It is impossible to 
say what is the composition of the nitride giving the bund spectrum until a 
quantitative analysis of the deposit has been luiderlaken. 

TUani a m Tetrachloride, 

In view of the chemical relations of titanium to carlwn and silicon, and 
especially of the fact that metallic titanium unites very readily with 
nitrogen forming a nitride, it was thought that titanium tetrachloride might 
behave in a similar manner to silicon tetrachloride and the carbon compounds 
in the aftei'glow. 

The tetrachloride of titanium closely resembles that of silicon, being a 
colourless, volatile liquid (boiling point 136® C.), fuming even more strongly 
on exposure to the atmosphere. On iritn)duction of its vai>our into the 
active nitrogen, the afteiglow became very pale blue in colour. The 
spectrum was compared with those of titanium oxide in the carbon arc, and 
of the condensed discharge through the tetrachloride vapour itself, at a 
pressure less than that of its satumted vapour. The afterglow gives a well 
/developed line spectruni^of titanium, with intensities about equal to those in 
the are. In addition, and in common with the discharge, it shows the group 

♦ ‘ Zeit. Anorg. Chem.,* 1909, vol. 05, p, 38. 




GROUP 



1 *1 wii fun 1*11 





198 


Active Jfodi/icatimi of Nitrogen, 

of bands due to the tetrachloride* with three principal heads, at X 41 99*5, 
4192*7, and 4188*0. The enhanced lines of titanium, generally speaking, are 
not dcveloficd in the afterglow, the few which do occur being fainter than in the 
arc. The condensed dischaige through the vapour of the tetrachloride, on the 
other hand, is noteworthy as being an excellent source of the enhanced Iiuor. 

No bauds occur in the afterglow which can be attributed lo a nitride, 
although it has previously been juoved that nitrogen is present in the 
conifiound wdiich is deposited in the aj>pariitaH.f 

Unlike the carbon cojii]ioiinds and silicon tetrachloride, therefore, tlio 
tetrachloride of titanium belongs to the class of substiiuces which, when 
introduced into the afterglow, do not develop tlie spectrum of the final 
product of the reaction. 

Sttm mar If, 

1. The jwjier gives an aceoimt of the sjieetm <leveloi»e<l on the intnaliiction 
of the vapours of SiCb and TiCl* luto the nilrogen afterglow. 

2. The iSiCl 4 afU*rglow is notable for the occuiTence of a ne%v system (»f 
hinds between X 15800 and 4950, with lieads d(‘gradod towards the red. The 
hands show intensity niiiunia near the heads, eon espoiiding to the modifica- 
tions of the cyanogen afterglow hinds. 

Tlie wave-lengths of tlie he.ids ha\o been detcrininod ainl their 
freipieucies have been arranged into gvoiijm, similar to the classification of 
the cyanogen hands and the positive hands of nitiogeii. 

4. The new liands do not ooeur in tin* discharge thnmgli SiCU {wliicli is 
clmracterisial by a ditfemui sy.^tein of hamls; and are ihi'refoie altnbntiHl to 
a nitride of silicon. Cheinical e\idenee in support t)f this has heeii obtained 
by Prof. Strutt, 

5. The TiCli afterglow, howev^er, devehips no bands of a corresponding 
nitrogen compound of titanium. Its spectrum is merely that of the titanium 
arc, together with the groui) of llutiiigs characteristic of 'I'iC -U. 

I am anxious, in conclusion, to aoknowleilge my great indebteilness to 
Prof. A. Fowler, P.ll S., for his valualde assistance tlirougliont this research, 
and to Prof, tlie Hon, K, J. Strutt, F.lbS., for the apparatus wliich he jdaced 
at my disi»oHiil, and without which the task would have been impossible. 

DESOUlFriON OF PLATE. 

1. (a) Two groups of the bands attributed to a nitride of Hilieon. (5) Iron compaiiHon. 

2. Smaller di«j>er«ion photograph showing nearly the whole eyHtem of nitride bande. 

* Fowler, ‘Roy. Soc. Pioc./ 1007, A, vol. 79, p. 509. 
t R. J. Strutt, ‘ Roy. Soc. Proc.,* vol. 88, p. 544. 
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On the Passage of Waves through Fine Slits in Thin Opaque 

Screens. 

By Loud Rayleigh, O.M., F.R.S. 

(Boceived Juiio 20, — Bead June 26, 1913.) 

In a former paper* I gave solutions applicable to the passage of light 
through very narrow slits in inhnitely thin perfectly opaque screens, for 
the two principal cases where the polarisation is either parallel or 
perpendicular to the length of the slit. It appeared that if the width (2h) 
of the slit is very small in comparison with the wave-length (\), there is a 
much more free passage when the electric vector is perpendicular to the 
slit than when it is parallel to the slit, so that unpolarised light incident 
upon the screen will, after passage, appear polarised in the former manner. 
This conclusion is in occurdance with tlie observations of Fizeauf upon the 
very naiTowest slits. Fizeau fouitd, however, that somewhat wider slits 
(scratches upon silvered glass) gave the opposite polarisation; and I have 
long wished to extend the calculations to slits of width comparable with 
X. The subject has also a practical interest in connection with observations 
upon the Zeeman effeetj 

The analysis appropriate to problems of this soi-t would appear to be by 
use of elliptic co-ordinates ; but I liave nut seen my way to a solution on 
these lines, which would, in any case, be rather complicated. In default of 
such a solution, I have fallen back upon the approximate methods of my 
former paper. Apart from the intended application, some of the problems 
which present themselves have an interest of their own. It will be con- 
venient to I'epeat the general argument almost in the words formerly 
employed. 

Plane waves of simple type impinge upon n parallel screen. The screen 
is supposed to be inlinitely thin and to be perforated by some kind of 
aperture. Bltiraately, one or both dimensions of the aperture will be 
regarded as small, or, at any rate, as not large, in comparison with the 
wave-length (\); and the investigation commences by adapting to the 
present purpose known solutions concerning the flow of incompressible 
fluids. 

* “Ub the PiwMge of Waves through Apertures in Plane Screens and Allied 
ProbleiuB,” * Phil. Mag ,’ 1897, vol. 43, p. 869 ; ‘ Scientific Papers,’ voi. 4, p. 883. 

f ' Annales de Chimte,’ 1861, vol. 63, p. 38.5 ; Mascart’a 'Traitd d’Optique,' §646. See 
alao ‘ Phil. Mag.,* 1007, voL 14, p. 36U ; ‘ Scientifio Pnpei-e,’ vol. 6, p. 417. 

{ Zeeman, ‘ Amsterdam Proceedinga,’ October, 1918. 
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Tlie functions that we require may be regarded as velocity-|K)tential8 
satisfying 

= VVV. (1) 

wlicre V® = 

and Y is the velocity of propagation. If we assiime that the vibration is 
everywhere proportional to e’*‘, (1) becomes 

(V»+A^)<^ = 0, (2) 

where A- = »/V = 2w/\. (.*}) 

It will conduce to brevity if we suppress the factor e*"‘. On this tinder- 
standing the equation of waves travelling parallel to r in the positive 
direction, and acconlingly incident upon the negative side of the screen 
situated at .r = 0, is 

(f, = (4) 

When the solution is complete, the factor c*"‘ is to be resttired, and the 
imaginary part of the solution is to lid I’ejected. The realised expression 
for the incident waves will therefore be 

<ft =s cos («<—/«:). (5) 

There are two cases to be consideretl corresponding to two alternative 
boundary conditions. In the first (i) d<ftfdn =s 0 over the uniierforated part 
of the screen, and in tlic second (ii) ^ = 0. In case (i) dn is drawn out- 
wards normally, and if we take the axis of z parallel to the length of the 
slit, ^ will rupiescnl the magnetic component parallel to z, usually denoted 
by e, so that this cose refers to vibrations for which the electric vector is 
perpendicular to the slit. In the second case (ii) <f> is to be hlentified with 
the component parallel to z of the electric vector K, which vanishes ujion the 
walls, regarded as pierfectly conducting. We proceed with the further 
consideration of case (i). 

If the screen be complete, the reflected waves under condition (i) have the 
expression </> = e*^. Let us divide the actual solution into two parts, x 
^ ; the first, the solution which would obtain were the screen complete ; the 
second, the alteration required to take account of the aperture; and let ns 
distinguish by the suffixes m and p the values applicable upon the negative 
(mimis), and upon the positive side of the screen. In the present case we 
have 

This ^(-solution makes dxmfdn s 0, dxpfdn = 0 over the whole plane 
tessO, and over the same plane xm 2, xp ~ 
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For the suppletnentarj aolution, distmgniBhed in like manner upon the 
two sides, we have 

where r denotes the distance of the point at which ^ is to bo estimated from 
the element dS of the aperture, and the integration is extended over the 
whole of the area of aperture. Whatever functions of position 'F*, may 
be, these values on the two sides satisfy (2), and (as is evident from 
symmetry) they make d>^pldn vanish over the wall, viz., the 

unperforated part of the screen, so that the required condition over the wall 
for the complete solution is already satisfied. It remains to consider the 
further conditions that and d^fdx shall be continuous across the aperture. 
Those conditions require that on the aperture 

2 + ■«/<■„ = d^mldx =1 d^pldj-. ( 8 )* 

The second is satisfied if 'F, = — ; so that 

making the values of irp eniial and opposite at all corresponding points, 
viz., points which are images of one another in the plane = 0, In order 
further to satisfy the first condition, it suffices that over the area of aperture 

irp=h (10) 

and the remainder of the problem consists in so determining that this 
shall be the case. 

It should be remarked that ^ in (9) is closely connected with the normal 
velocity at dS. In general, 

<“> 

At a point (x) infinitely close to the surface, only the neighbouring 
elements contribute to the integral, and the factor e~'*^ may be omitted. 
Thus 

'^= = -2wv»r^^= -29r>F; or ^F=~^^!^^, 
dx JJ >•* J, r* 27r^ 

( 12 ) 

d’^jdn being the normal velocity at the point of the surface in question. 

In the original paper these results were applied to an aperture, especially 
of elliptical form, whoso dimensions are small in comparison with For 
our present purpose we may pass this over and proceed at once to consider 

'**' The UB6 of djs implies that the variation is in a fixed direction, while dn may be 
supposed to be drawn outwards from the screen in both coses. 
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the case where the aperture is an infinitely long slit with parallel edges, 
whose width is small, or at the most comparable with 
The velocity-potential of a point-source, viz., c"***"/?*, is now to be I'eplnced 
by that of a linear source, and this, in general, is much more complicated. 
If we denote it by D (Z;r), r being the distance from the lino of the point 
where the potential is required, the expressions are* 


_ ! . fi 1 

-(7+l«8 2 ) 2=''^2-'.4» 

« 4. < _ 

2 ^. 4 ^ 


(13) 


where 7 is Eider's constant (0*577215). and 

I S», = 1 -4 J -h + ... + 1/?##. (14^ 

Of these the first is " serai-convergent " and is applicable when kr is large ; 

the second is fully convergent and gives the form of the function when kr 

is moderate. The function D may be regarded as being derived froiu 
e-^jr by integration over an infinitely long and infinitely narrow strip of 
the surface S. 

As the present problem is only a particular case, equations (6) and (10) 
remain valid, while (9) may be written in the form 

= P,hD {kr) dff, ir, == - (kr) dif, (15) 

the integrations extending over the width of the slit from y = — & to 

// = It remains to determine so that un the aperture = — 1, 
irp= -pi. 

At a sufficient ilistance from the slit, supposed for the moment to be very 
narrow, D (A?-) may be removed from under the integral sign and also bo 
replaced by its limiting form given in (13). Thus 

If the slit be not veiy narrow, the partial waves arising at different parts 
of the width will arrive in various phases, of which due account must bo 
taken. The disturbance is no longer circularly symmetrical as in (16). But 
if, as is usual in observations with the microscope, we restrict ourselves to 
the direction of original propagation, equality of phase obtains, and (16) 


VOL. ucxxix. — ^A. 


* See ‘ Theory of Sound,’ § 341. 


It 
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reiuains applicable even in the case of a wide slit. It only remains to 
determine as a function of y, so that for all points upon the aperture 

- 1 , (17) 

J-ft 

'where, since hr is supposed moderate throughout, the second form in (13) 
may he employed. 

Before proceeding further it may be well to exhibit the solution, as 
formerly given, for the case of a very narrow slit. Interpreting ^ as the 
velocity-potential of aerial vibrations and having regard to the known 
solution for the Ilow of incompressible fluid through a slit in an infinite 
j)1aue wall, we may infer that will be of the form A where A is 

some constant. Thus (17) becomes 


In this equation the lirst part is obviously independent of the position of 
tho point chosen, and if the form of has l)een rightly taken the second 
integral must also be independent of it. If its co-ordinate be y, lying 
between ±&, 

+«’ l«»gr.<// _ p log (?>-. //) dy , f* log (;/ -<;)<? // q. 


must be independent of 17 . To this we shall presently return ; but merely to 
determine A in (18) it suiBces to consider the particular case of f/ = 0. 
Here 


f +'• log <•■>/// _ P log.y.t/// 


f > 

= 2 log (6 cos (>) dd = vlog(i&). 
Jo 


Thus A (y-f l<jg J ihh) tt = — I, and J "^mdy = trA : 

so that. (IG) l)C(;i)iiieH 

. _ »'"*** ' j or '\* 

7 +)og(fi/ 7 ;) 1 2 ikrj ' 


( 20 ) 


From this, is derived by simply prefixing a negative sign. 

The realised solution is obtained from (20) by omitting the imaginaiy 
jwrt after introduction of the suppressed factor If the imaginary part of 
log (I iM) be neglected, the result is 


I _ / w \lci>B(yd— lT~i7r) 

' 2krl “rfUiepi) 


( 21 ) 


Xm = 2 C(»S»^ cosine. 


( 22 ) 


4 M»n eHponding to 
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Perhaps the most remarkable feature of the solution is the very limited 
dependence of the transmitted vibration on the (2^i) of tlie aperture. 

We will now verify that ( 19 ) is independent of the special value of 
Writing // = 6 cos i; = 6 cos «, we have 

f “ f h*g(i&)fW4- f log2^ci»s cos 0 L)d 6 

Jo Jo 

H- j log 2 (eoH oL —cos 6 ) tW = tt log ( J ^») 

J a 

-f j log -|^2 sin 4 I log ^2siu j log -1^2 sin 

= 7rlog^//4 2l log(2 Hill I log(2sm^)f/^ + 2 I log(28iii<^)rf^ 

J.'a Jo ' Jo 

fi» + 4 « rjw-ia 

= 'Jrlog J6-I-2 log(2 sin ^)^/^H-2 1 log(2siu<^)^/(^4 2 I log(2sin^)rf^ 

Jo • *^0 

= TT !*»g-J J 4 - 4 J log (2 sin 

as we see by changing ^ into ^ in the second integral. Since « has 
disappeared, the original integral is independent of 17. In fact,* 


and we have 


{ (ir 

log (2 sin s 0, 

0 

log r ,r/// , , , 


as in the iKirticular case t)f = 0. 

The required condition ( 17 ) can thus he satisfied l>y the proposed form of 
'P, proviiled that kh be small enough. Wlien kh is greater, the resulting 
value of in ( 15 ) will no longer be constant over the aperture, but we may 
find wliat the actual value is as a function of 7) hy carrying out the integmtion 
with inclusion of more terms in the series i*ei)reseiitiug D. As a preliminary, 
it will be convenient to discuss certain definite integrals which present 
themselves. The first of the series, which has already occurred, we will call 
Aoj so that 

/<o = [ h»g (2 sin 6 )dd ^ f i^>g(2 cos 6 )dd = i [ h»g (2 sin 2 ff) d 0 
Jo Jo Jo 

= 1 1 b)g (2 sin <f>) = 4 j* log (2 sin di^ = J 


* See l^elow. 
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Aocordingly, K — 0. More generally we net, n being any even integer, 

/», =: psin" 6 log (2 sin 0) dO, (24) 

Jo 

or, on integration by paits, 

/i„ = 1 COS 1 ) l<ig( 28 m + tf) f/ff 

Jo 

= ()? — ])(A«-a— /u)+ f 
Jo 

I w —3, — r> ... 1 TT 


Thus 


, w — I , , I w— .5 

= ''«-a +-7j r; ; :7 ,T » 

ji jr ti—2, 4 ... 2 2 


(25) 


by whicli the intcgmls //„ can be calculated iti turn. Tims 
Aa = 7r/8, 

/i + • 2 ' 2 24.2U.2 3.4 ’ 

, ^5.3. iTT/ 1 , I 
* 0.4.22U.2 3.4''^6='4.22 

_ff 5.3.1 . 111' 

2 6.4.2 '1.2 3.4 0.6/’ 

u* ‘1 1 7 ^ 7 . 5 . 3. 1 / 1 , 1 , 1 , 1 . 1 

SumMy J. _ - + _ +_+^|, .,,,1 


It may be remarked that the series within brackets, being equal to 

approaches ultimately the limit log 2. A tabulation of tlio earlier members 
of the Berios of integrals will be convenient ; — 


Table r. 

2/tu/ir = 0 

2Aa/Tr = 1/4 = 0'2.) 

2/u/yr = 7/32 = 0-21875 

2/ia/v = 37/102 = 019271 

‘J/ia/ir = 533/3072 = 017350 

2/tio/ir = 1627/10240 = 0 16880 

27iu/<»r = 18107/122880 = 0’U736 

2Ai4/7r = = 0*13798 

2//w/ir = = 0-13018 

2Aia/ir = = 0*12366 

2A»/w = = 0*11784 


The last four have been calculated in sequence by uieaiis of (26). 
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In (24) wc may, of course, replace sin 6 by cos 6 throughout. If both 
sin 0 and cos $ occur, os in 


i: 


ain" 0 cos" 0 log (2 aiii 0) d0, 


(26) 


where n and m are even, we may express coa*"^ by means of sin 0, and so 
reduce (26) to integrals of the form (24). The particular case where 7)t = *i 
is worthy of notice. Here 

|*sin" 0 cos** 0 log(2 sin fl) rfd = | klu** 0 cos** 0 log (2 cos 0) (10 

= i j‘''^^l"g(2Hin 20), le = (27) 

A comparison of the two treatiiicuts gives a relation between the integrals h. 
Thus, if n =4, 

ht—2h»+JiB = Iu/2,\ 

We ]iow proceed to the calculation of the left-hand member of (17) with 
^ ss or, as it may be written, ^ 

f"* 'IV T/ .1 /» V . /-*'■* c. . o 1 

2 i>— -J- 

The leading term has already been ftnind to be 

’r{7+l«gx). (29) 

In (28) '/• is equal to ±(:y— i;). Taking, as before, 

// = & coH 0, j ss If cos at, 

we have 

j dtf[-|^7-|-log^+log±2(c os cos «))■ Jo (i ll (cos 0—ona «)} 

, (cos cos aV* W>*(c08g—C0H«)* 3 , i^&*(c08^— 0o8«y 11 I 
2> 2*.4> '2“^ 2».4».6» ’IT **j‘ 

(30) 

As regards the terms which do not involve log (cos d— cosa), we have to 
deal mei-ely with 

I (cos COB «)» d0, (31) 

where n is an even integer, which, on expansion of the binomial and 
integration by a known formula, becomes ' 


/i — 1 . «? — 3 . 6 . . . 1 ^ ?i. . w — 1 »i — 3 . — 6 . , . 1 


cos* d 


L ' 1.2 i/-2.a-4.”.2' 

. /t— 1 . 2 — 3 «.— 6. ?*— 7 ... 1 4 . . - 1 /oo\ 
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TliUH, if n s= 2, we get w + If » = 4, 

IT - cos* « + c«»a* « I , aiul so «»n. 

L4 . 2 1 . 2 2 J 

The coefficient of (31), or (32), in (30) is 

<-!)*• 2 r $ T . ->['y t-M • 

‘ At the centre of tlie apeituro where ;= 0, cos « s= 0, (32) reduces to its 
first term. At the edges where co8« = ±1, we may obtain a simpler form 
directly from (31). Thus 

f;. . 2//-1.2«-3...1 2/1-1. 2//-3 ... 1 

(31) = Ja±coH^)»/f.9 = • = %./, -l.>/-27..r 

(34) 

For example, if % = 6, 

/o.N 11.0.7.5.3.1 231 TT 

<^^> = '^y.' 5 ' .473: ?: r °-nr' 

AVo have also in (30) to consider (h even) 

j (10 (cos ^ — COR a)" log { ±2 (C/OS 0 — COR «)} 

Jo 

r*i/l • 1 T 4 • 6 -hot . a — 0^, 

=: j (W sin" — ^ sin" — J- log *14 sni sm — 5 — j- 

+ (10 Hin" — ^ sm" — log 1 4 Hill sin — ^ | 

= I (10 sm" — Hin" -y- log ^ 2 wn V 

+ ^(10 sin* sm* log ^2 sin 

+ 1 (10 sin" sin" log ^2 sin J- 

d^Hiu"^ Bin"(^— a) lug (2 sin 
0 

+ 2 Hin"(^ + a) log (2 sin 

=5 2 I d^mn"^{8iii"(^— a)+8in"(^+a)}log(28m^) 

rtw+i* 

+ 2 I sin" sin" (^ — a) log (2 sin 

' J*. 

—2 I (f^8in”^ Hin"(^+a) log (2 sin 

rf* 

= 2 I (f^sin"^ {8iu"(«^— a)+8in"(^+a)} log(28in^), 

Jo 


( 36 ) 
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since the last two iuteKtals cancel, as apjieara when we write Tr—yfr tor (ft, 
u being even. 

In (36) 

|Hin"(^+«) + j sin* (^— «) = sin" ^ cos* « 

li.lt 1 mtiji /t. niTi'^ 


sin""* ^ cos* if) sin* » coh"“* » 

siii*~^^ coe*^ silica cos*" *« + ...+ cos* ^ sin" «, (30) 


1.2 

« . « — 1 . H — 2 . M — 3 
1.2. 3. 4 

and Ihus the result may be expressed by means of the integrals /i. Tims 
if 11 = 2. 

fiir 

(:i5) = 4 1 ^ </> Ci>s^ a + cok^ <f) sin^ a} log (2 sin <ft) 

Jo 

= 4 {(rj<»s^ «— siii^ a) + 7 * 3 }. . (37) 

If // =: 4, 

d<f> siii^ <f} {siu^ <f> cOH^ « + 6 sin“ 0 cos^ ^ siii“ u (^os^ a 
0 

+ c-os^ siu^ a} log(2siu <{>) 

= 4 {(ccw** a — 6 sin^ a eos^ a + sin^ a) /<8 

+ (6 HJTi® a coh^a — 2 siii‘ a) Au + sin* a 74 }, (38) 

If M = 6, 

(35) = 4 {(cos'* a — 15 cos‘ a siii^ a+ 15 cos^ a sin* a — sin'* a) hyj 
+ (15 c<»K* St sin* « — 30 cos* a sin* « + 3 sin" st) hi„ 

+(1.6 corf*8t8in*a— 38in*6i)Ag+8in*6i A«}. (39) 

It is worthy of remark that if we neglect the small differences between the 
A's in (39), it reduces to 4 cos* « Am, and similarly in other cases. 

When n is much higher than 6, the general expressions corresponding ti» 
(37), (38), (39) become complicated. If, however, cos« be either 0, or +1, 
(36) reduces to a single term, viz., cos"0 or sin*^. Thus at the centre 
(cos « = 0) from either of its forms 

(35) = 2-". 2 A,. (40) 

On the other liand, at the edges (cos « — ± 1) 

(35) as 4 sin*" ^ log (2 sin ^) — 4A»». (41) 

In (30), the object of our quest, the integral (35) occurs with the coefficient 

2"A"6» 


(-!)»•, 


2*.4».6*...»*‘ 


(42) 
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Thus, expanded in powers of kb, (28) or (30) heoomes 

w(7+1o|?^')-'2|^[|^7+1ok^-1^ {J+co8»«) 

+^l:-^(coH* «— sin* «)->- ^ ' -^“ wn * »\ 

TT ir A 

{ 1+3 “} 

^6 ha 

-j l:L_2 (coh^ a — 6 coa^ a sin* a + sin * a) 

TT 

•>*» *> /» . ‘>s *2 A . “1 

+ "* ■ » -^ (6 cos* » sin* a— 2 sill* a) + — sin* a 

TT ' TT J 

ttW® rr .1 111 {5 .45 a .15 . ..4 

-2r4r^Ll'>’+''«T -TI iio+-8"“ 

-f n . J . (eos** a — 15 cos^ a sin* « + 1 5 im )s* ol mi* a — sin® a) 


+ cos®a 


} 


TT 

2 K 2 hio 

IT 


(15 cos^ a sin* « — 30 uos* a sin^ « + S sin® a) 


+ — (1 5 uos* a sin* a— 3 sin® a) f "" * - ^^^** sin® a 1 + (43) 

TT TT J 

At the centre of the a]>erture (coaa = 0), in virtue of (40), a simpler fonn 
is available. We liave 

/ , « ikh\ 7rt*6* ri/ ,1 ikh ^ \ ,2hf\ 

,irk^¥V?i.\i ,, t/i* 3\^2A4l 

+F7r*L4-:2('y-»-^"«T-2)+-Fj 

irkfllfi ro.S.l/ ikh 11\ . 2Au1 

- 2 r^»L 6 - 4 : 2 {.'’'+^‘’» t“t)+ V J 

, nrl*V^ r7.6.3.1/ 25\^ 2*81 ,,,, 

•'■Mr^Lox2(’'+'"»T-i2)+vr-- 

Similarly at the edges, by (34), (41), we have 
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For the general value of a, (43) is perhaps best expressed in terms of cos », 
equal to 11 fb. Witli introduction of the values of h, we liave 

IT ( 7 + l‘'K [( 7 + log « + ^) + g tios* « 

+ [( t) ( ® i ^ S “ ”5 '"'** * “ M 

w/W 17 , , ith\i d . 15 j . 45 a . 5 N 

- ^ [(7 + 1' ) (cos* « + 2 c<j8<a+~cos»«4^j 

-^1 + .... 

192 I 


^ 37 d 23 , 159 „ 

+ st; cos* «— -5- Cds^ « — (MtH-* et 

oU o oJ 


These expreasioiis are the vahioa of 

l)(kr) dif 

for the various values of 17. 


(46) 


(47) 


We now suppose that kb = 1. The values for other ^tarticular cases, such 
as kh s= may then easily be deduced. For cos « = 0, from (44) we have 


’'■(7+lt>g5j|^l 2*2'*’2i'.4*4, 

.III L,.u+ li-. .1 

| 2»4 22.4=* 32 2*. 4*. 6M 92 J 


.•> ■3.1 

.4.2‘^”7 


+ w 


2 2».4».6»6 
1 7.3 


= IT (^7 + log i j [1 - 0-12500 + 0-00.586 + 000013] 

+ V [0-06250 - 0-00537 + 0-00016] 

= w ^7 4 log y X 0-88073 4 w x 0-05729 
= 7r[- 0-65628 4 1-3834*]. 

since 7 = 0-577216, log 2 = 0-693147, log i = ^iri. 

In like manner, if kh = we get still with cuset = 0, 

’T ( 7 + log |) [1 - 0-03125 4 0-00037] 4 w [0-01562 - 0-00033] 

= »[ -1-440.5 4 1-5223*]. 

If 1*6 = 2, we have 

»-^ 7 +log [1-0-5 4 0-0938- 0-0087 4 0-0005] 

4 w [0-25-0-08594 0-0102-0-0006] 

= w [40-1058 4 0-9199*]. 


(48) 


(49) 


( 60 ) 
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If kh = 1 and cim* = ±1, we have from (46) 

» \ri 1 1 35 1 23 

^ 4 ) 1 ^ 2*2‘^2*.4» 8 2='.4».6» 1( 


2‘'.4».6='.8» 128 


_ ri 1 1 97 1 7303 

L‘« 4 2-' . 4" 96 2". 4". 6-* ‘960 


1 19.17.6435 

'2''.4*.6».8M0* 10.9.128 
38084 170-64 

2*. 4". 6“. 8* 2“.4=*.6*.8M0*'^"' 


= IT (^ 7 + log [1-0-376 + 0068359 - 0-006266 + 0000341 -0-00001 2] 

-V [0-0625 + 0015788- 0-003302 + 0-000258 + 00000 12] 

= w [-0-63141 41-0798 i]. (51) 

Similarly, if kh = w<! have 

TT { 7 + log g ) [ I - 0-oy37.> + 0-00427 - 0-00010] 

-TT [0-01562 + 0-00099 -0-0000.')] 

= -TT [-1-3842 + 1-4301/]. (52) 

And if kh = 2, witli diiiiiniHlierl accni-rtc-y, 

w (^ 7 + log ’-) [1-1-5 + 1-094-0-401+0-087-0-012 + 0-001] 

— TT [(’-25 + 0-253 - 0-211 + 0 066 - 0-012 + 0-001] 

= TT [-0-:{78 + 0-422 /]. (63) 

As an intermediate value of a we will select cos^a = For kb = 1 
from (46) 

w ( 7 + log ) [1 - 0-25 + 0-03320 - 0-00222 + . . .] 

+ IT [0 - 0-01 286 + 0-001522 + .. .] 

= ir [-0-6432 + 1-2268 /]. (54) 

Also, when kh = 

w [-1-4123+ 1 - 47591 ]. (55) 

When Ml = 2, only a rougli value is affor<le«l by (46), viz., 

7r[-0-16 + 0-61i]. (56) 

The accompanying table exhibits the various numerical results, the factor 
w being omitted. 


Table II. 



hh - i. 

j kh 1. kb » 2 . 

ooia » 0 

-l-4«06 + l-682a{ 1 

*0 66628 4- 1 *8884 » 

+0*106840*91094 

oo«*a «• i 

-1 '4128 .)• 1-4759* 1 

1 *0*6482 -l-l*2868» 

-0*16 +0-61i 

00 «*a-l 

-1-8848 •>■1-48011 

-0 -68141 •>■ 1-07981 

-0-878 •>-0'4aat 


through Fine Slits in Thin Opague Screens. 


207 


As wo have seen already the tabulated quantity when Ih is very small 
takes the form 7 + logiA:&/4, or log A*&— 0*8091 -h l‘5708i, whatever may be the 
value of «, In tliis case the condition (17) can be completely satisfied with 
"V = A ( 6 *— ?/) "4, A being chosen suitably. When I'b is finite, (17) cun no 
longer be satisfied for all values of a. But when Lb = or even when hb = 1 , 
the tabulated number does not vary greatly with a and wo may consider (17) 
to be approximately satisfied if we make in the first case 

7r(-l'412:i + l'4759i) A = -1. (o?) 

and in tlie second, 

7r(-0*()4112 + 1*2268/) A = -1. (58) 

The value of yfr, ai)plicablo to a point at a distance directly in front of tiu* 
aperture is then, as in (16), 

V" = - ’T A ( ~ )*'■■•*’■. (59 ) 

In order to obtain a bettor approximation we ro({uire the aid of a second 
solution with a different form of When this is introduced, as an addition to 
the first solution and again with an arbitrary constant multiplier, it will 
enable us to satisfy (17) for two distinct values of «, that is of t), and thus with 
tolerable accuracy over the whole range from cos a = 0 to cos « = ± 1 . 
Theoretically, of course, the process could he carried further so as to satisfy 
(17) for any number of assigned values of cos «. 

As the second solution we will take simply 'I' = 1, so that the left-hand 
member of ( 17) is 

1 D(A: 7 -)rf/-+ l l){kr)di'. (60) 

Jo Jo 


If we oinil k, whicli may always be restored by consideration of hoino> 
^neity, we have 

I + o ■ jb + v)' u _ 

2^3 2»,4*.5 2*.4».0*.7 


4- the same exiiression with the sign of 17 cliauged. 

The leading term in (60) is thus 

2 6 ( 7 — 1 + log J t) + ( 6 + ij) log ( 6 + rf)+(h—ri) log (i— 1 >). (61) 
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At tlie oeutre of the aijertnre (17 = 0 ) 

( 61 ) = 26(7-1 + log iifi}, 
aud at the edges (47 = ± 6), 

( 61 ) = 26 { 7 -l + logt6}. 

It luay be remarked that in (61), the real part varies with 47 , although the 
i magina ry part is independent of that variable. 

The complete expression (60) naturally assumes specially simple forms at 
the centre and edges of the aperture. Thus, when 47 = 0 , 


(60)-26 = (7 + l«g|)[l-.#3 + 2j^-... I 

(62) 

and, similarly, when »; = 

(00)*2J = (,+ l„g,V,)[l-^+ I 


2».3\ 2>'.4=».5\ 2 .’>/^2*.4».6‘'.7\ 2 3 7' ^ ^ 


To restore k we have merely to write U) for b in the rvjkt~hand membrra 
of (62), (63). 

The calculation is straightforward. For the same values as before of kb 
and of ooB*«, equal to 47 */^*, we get for (60 )-h26 


Table III. 


.(V4’. 


H - 1. 

kh - 2, 

0 

-l*7S48-t-l'53S4(' { 

-1-0007 + 1-4447/ 

-0-21d7 + in08< 

i 

- 1 '4010+1 ’4012 ( 

-0-0740+1-2771/ 

-0-1079+0 7166 1* 

1 

- 1 >0007 + 1 -4447 1 

-0 -2317 + 1-11981 

+ 0*1894 + 0’4024t 


We now proceed to combine the two solutions, so as to secure a better 
satisfaction of (17) over the width of the aperture. For this purpose we 
determine A and B in 

M^ = A( 6 »-y“)-i+B, (64) 

BO that (17) may be exactly satisfied at the centre and edges (17 = 0 , 
V — The departure from (17) when 47 */ 6 * as ^ can then be found. If 
for any value of ib and 17 = 0 the first tabular (complex) number is p and 
the second q, and for 47 =: ±6 the first is r and the second s, the equations of 
condition from (17) are 

7rA.p+26B.3 aa — 1, 7rA.r+26B.s = — 1. 


( 66 ) 
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When A and B are fuiiud, we have iu (16) 



C+f* 

^t/,/ = 

■7rA + 2AB. 


Fi-oiii (65) wc get 




wA-?-'’ . 

2/*B = , 

(60) 


ps-qr 

pH-qr 

HO that 

(•+» 

'Fch/ = 


(67) 


J -/. 

t»i-qr 

Tlius for 

= 1 \\e have 



P = 

-o*6.'.r)28+i*:!«:54;. 

q = -1*0007 + 1*4447/. 


J’ =: 

-0*63141 + 1*0798 (. 

s = -0-2217+M198/, 


whence 




ttA = 

+ 0*60008 + 0*51828/. 

2/)B = -0*2652 + 0*1073/. 


and 

(67) = +0 

:5.349+ 0*6256/. 



The aliiive valuOD uf ttA and 26B arc derived according to (17) from the 
values at the centre and edges of the aperture. The success of the method 
may bo judged by substitution of the values fur ti^fP — Using these in 
(17) wc get —0'9801— 0*0082 i, for what should be —1, a very fair appmxi- 
mation. 

In like manner, for kb ^2 

(67)= +0*259 + 1-241. I/, 
and f«»r Lh = | (67) = + 0*3378 + 0*3526 /. 

As ap))ears from (16), when h is given, the modulus of (C7) may be 
taken to represent the amplitude of disturbance at a distant point imme- 
diately in front, and it is this with which we are mainly cuncenied. Tlie 
following table gives the values of Mod. and Mod.‘ for several values of kb. 
The first three have been calculated from the simple formula, see (20). 


Table IV. 


H, 

Mod.*. 

Mod ' 

0-01 

oom 

0*1820 

0-05 

0*0690 

0-2429 

0*23 

0-1372 

0-3704 

0-60 

0-2884 

0-4883 

l-OO 

0-6085 

0-7006 

a*(X) 

laoe 

1-268 


The results are applicable to the problem of aerial waves, or shallow water 
waves, transmitted through a slit in a thin fixed wall, and to electric 
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(luminous) waves transmitted by a similar slit in a thin perfectly opaque 
screen, provided that the electric vector is peiyendieidar to the length of 
the slit. 

In curve A, fig. 1, the value of the modulus from the third column of 
Table IV is ]ilott<>d against Ich. 


— . ■ . 4 

-- 

/ 








1 

1 

1 

1 


o>5 1-0 1-5 z-o 2-5 

Kio. 1. 


When lA is lai’ge, the limiting form of (07) may be deduced from a 
formula, analogous to (12), connecting and As in (11), 



-T" 


ill whicli, wIkmi vt’ is veiy small, we may lake D = lojrr. Thus 




Now, when kb is large, dy^fdH tends, except close to the edges, to assume 
the value -ik, and idtimatoly 

f +* •) /M, 

' 1 ^^^ = — , ( 69 ) 

-6 ’T 

of, which the iiKMluhis is ‘*kb/ir simply, i>. 0’&o7M>. 


We now pass on to consider case (ii), where the boundary condition to be 
satisfied over the wall is ^ = 0. Separating from ^ the solution which 
would obtain were the wall unperforated, we have 

giving over the whole jilKiie (u: = 0), 

X>» — Xp = dxmldr — -'2ik, = 0. 


( 70 ) 
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The suj»pleineiitary fiolutiorw equal to ^ writU'u 

where are functions of y. and the inteji,^rations are over the ai)ei tiiro. 

1) as a function of r is j^iven by (13), and r, denotinjr the distance between 
dt/ and the point (.», y), at which yftMt are estimated, is equal to 
v/{x-^+(y— -I/)*}. The fonu (71) secures tlial on the walU =^jrp = 0, so 
that the condition of evanescence there, already satisfied by x* 
disturbed. It remains to satisfy over the (fjjpriurc. 

= yjrp, —2^^^ + d^|r„t/d.r = d'y^pldr. (72) 

The first of these is satisfied it = — 'I'p. so tliat and are equal at 
any pair of correapondino j^oints on the two sides. Tl»e values of 
d^pjfh) are then opposite, and the reniaininj^ condition is also satisfied if 

dy^mjdx = ^7, dyjrp/ib = — /7*. (73) 


At a distance, and if the slit is very narrow, tfDfdx may bo removed from 
under the integral sign, so that 



//I) 

(74) 

ill which 

<^=il£i jrr_ * 
dx r 2 ikr 

(7o) 


^Vnd, even if kb be not small, (74) remains a])])licable if the distant point 
1 h» directly in front of the slit, so that x = r For such a jioint 

There is a simple relation, analogous to (68), between the value of 
at auy point (»;) of the aperture and that of at the same point. For in 
the application of (71) only those elemeuts of the integral contribute which 
lie infinitely near the point where is to be estimated, and for these 
ilDJilx = xjr^. The evaluation is effected by considering in the first 
instance a point for which x is finite and afterwards passing to the limit. 
Thus 



It remains to find, if possible, a form for or which shall make 
d^pjdx constant over the aperture, as required by (73). In my former 
paper, dealing with the case where hh is very small, it was shown that known 
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tlieoi'ems relating to the flow of incompressible fluids lead to the desired 
conclusion. It appeared that (74), (75) give 


i/r, r= - 


2r \2ikrl 


-iAt 

f 


(78) 


showing that when h is small the transmission falls oif greatly, much more 
than in case (i), see (20). The i-enlised solution from (78) is 




(79 > 


correspondinj? tu ^ 


(80> 


The former method arrived at a result by assuming certain hydrodynamicnl 
theorems. For the present purpose we have to go further, and it will be 
appropriate actually to verify the constancy of d^jdt' over the aperture as 
resulting from the assumed form of when Ih is small. In this case we 
may take D = logr, where From (71), the suftix p being 

omitted, 


dx 




and hcriMii 


rf»D rf»l) tPD, 


df 


TIhih, on integration liy ]iartH, 


djf a;/ J J #/// «// 


In (81) 


<iD _ dD dr _ if—v 
di/ ~ dr dif~ (y—>iY+.'^ ' 


(81> 


and so long as is not er^ual to ±6, it does not become inflnite at the 
limits (y = +5), even though x=s0. Thus, if 'I' vanish at the limits, the 
integrated terms in (81) disappear. We now assume for trial 

^ =v/(&'-/). (82> 

which satisfies the last-mentioned condition. Writing 


we have 


1 / s= h coH 6, fi h cos «, .b' = xfb, 

d-ifr _ f* (coH 0 — otm «)*-4- cos at (cos cos ») .. 

dx Jj (cos^— oOH«)^-|-a;'® * 


(83> 


Of the two parts of the integral on the right in (83) the first yields tr 
when x" — 0. For the second we have to consider 


* CIW^ — 0O8« 

j(coH®— COS .y+a-'* 


•10, 


(84> 
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in which cos 0^ cos et passes through zero within the range of integration. 
It will be shown that (84) vanishes ultimately when x* = 0. To this end 
the range of integration is divided into three parts : from 0 to ai, wliere 
«i < from to Ota where oca > <*, and lastly from aa to tt. In evaluating 
the first and third parts we may put = 0 at once. And if z = tan ^ 0 

f iW ^ f r f/z ^ ^ jh \ 

J cos 0 — cos a sin a J Ltan i« + s tan Ja— « J * 

Sin a being omitted, the first and third parts together are thus 

l„g + log ^.+ + log , 

where t = tan t\ = tan J ol^ ^a = tan and z is to be made infinite. 

It appears that the two parts taken together vanish, provided h are so 
chosen that = ^i^a. 

It remains to consider the second part, viz., 

^ /or 

^^(cosfl — COHa)^+a;'^’ 

in which we may suppose the range of integmtion aa—ai to be very small. 
Thus 

/OKN _ rf0.2Mni(0^u) 

^ ^ J„,4 8iu4(0+a) «in^i(«-0)-ha;'“ 

= - ^ W 

2 sin a ” silica (a 

and this also vanishes if = ot— ai, a condition consistent with the 

former to the required approximation. We infer that in (83) 

= ( 86 ) 

80 that, with the aid of a suitable multiplier, (73) can be satisfied. Thus if 
^ = Av/(^®“y®)i (73) gives A = xk/ir^hmi the introduction of this into (74) 
gives (78). Wo have now to find what departure from (86) is entailed when 
kb is no longer very small. 

Since, in general, 

(m)/(b^+(PD/df+k^b = 0 , 

we find, as in (81), 




and for the present ^9 has the value defined in (82). The first term on the 
right of (87) may be treated in the same way as (28) of the former problem, 
the difference being that occurs now in the numerator instead of 

VOL. LXXXIX. — ^A. S 
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tiie denominator. In (30) we are to introduce under the integral sign the 
additional factor sin’' 0. As regards the second term of (87) we have 


1 ril) 


J tfy dy ^ j, t r dr ’ 


where in - ^ we are to replace r by ± (y— nX We then assume as before 

T flT 

ss&cosd, 97 = & COS at, and the same deiimte integrals suffice; but the 
calculations are more complicated. 

We have seen already that the leading term in (87) is w. For the next 
term we have 

I''" 

^ * 2 ’ r dr 

and thus 


P ;.■=•/ , , il(r\ 

1 dyfr tt/ , *^**i!> 1 

-f I fW (1 — f cos* 0 + 1 cos a coH 0) log ± 2 (cos cos a). (88) 

Jo 

The latter integral may be transformed into 

2 r/<^{l-J cos* (2^-«)+i COH a cos 

Jo 

+ 1 — COB® (2^ + «)+ i cos ct (cob 2 ^ + «)) log (2 sin <f>), 
and thiH by mcanH of the definite integrals h is found to be 

—^(1 + 2 sin* »), 


To this order of approximation the coniplete value is 

— = or+iirA*i*(7— sin®«+lng:Jif'W). 
For the next two terms I find 


(89) 


512 


[(1 + 4 COB* «) (1 —47—4 log 


tt/*// 


+ 3 sin*«+^ co 8^« + 6 sin* « cos®«] 


+ gi - ^a^g [(TV+ J 008* oi + J oo8‘«)(7 + logit7r6-f) 


( 90 ) 


When cos* = 0, or ±1, the calculation is simpler. Thus, wheu cos* s: 0, 
1^ 1 ,i»6»/ ikb A l^h^l ,.%kb .\ 

-i-£ = i+— - isslT+ioK-r-V 

5\ ..m 22\ 
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and when cos « = + 1 , 

= 1+ .r 7+l<'g-r 


161 . foi/' 6831 

-^,{<29(r+l>«")-329} , (02) 

the last term, deduced from hu, hu, being approximate. 

For the valuetj of — 7 r“Vi^/^te we find from (91), (90), (92) for 

B = J, 1, v/2,2:- 

Table V. 


— — 

_ . 

— - — 


— 


kb ^ 4. 

u ° 1. j 

kb - ^/2. 

kb •mi. 

008 a >“ 0 

0 -8448 + 0 *0974 » 

0-5616 + 0 -aw* 

0 •3128 + 0 *7888 i 

0-0102 + 1-38001 

coB^a » J 

0*8778 + 0 096Ht 

0-6008 + 0-8683 4 

— 

0-618 +1-1204 

008^ a « 1 

0*9108 + 0 -0944 » 

0-8363 + 0-33644 

0 H6B7 + 0‘ri783t 

1-020 +0-8614 



- 

- - 

- ' 

— 


The&e numbers correspond to the value of expressed in (82). 

We have now, in pursuance of our method, to seek a second solution with 
another form of Tho first which suggests itself with 'K = 1 does not 
answer the purpose. For (81) then gives as the leading term 


_ I 1^ _ 2h 

dr L(//— ¥^7)^' 


dr L(//— ¥^7)^' 
bocoining infinite when 17 = ±/>. 

A like objection is encountered if ^ In this case 

The first part gives 4& simply when x becomes zero. And 


BO that 


2 


becoming infinite when 17 rs ± 

So far as this difficulty is concerned we might take ^ r= (&* — y®)*, but 
another form seems preferable, that is 

(95) 

With the same notation as was employed in the treatment of (82) we have 

— 3 Q f* COB^^ (cos ^ — COB at) jp 

dx Jo (cos ^ — cos «)* + «'* j 0 (cob cos 
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The first of these integrals is that already considered iu (83). It yields 
3 w. In the second integral we replace co8®tf by {(oos cos a)+oo8 and 
we find, much as before, that when = 0 

r*C 08 *^(eoH^ — C 08 a)rf^ a \ 

-7 \ v a - - ;2 = (i +cos^ «). 

Jq (co»^— cos * 

Thus altogether for the loading term we get 


(96) 


“3 = = 3,r(J-V'/i*). 


(97) 


This is the complete solution for a fluid regarded as incompressible. Wq 
have now to pursue the approximation, using a more accurate value of J) 
than that (log r) hitherto employed. 

In calculating tho next term, we have the same values of D and r'^^dDIdr 
as for (88) ; and in place of that equation we now have 

L = ?2r f y + log + A) 

dx lev '*42' 

+ f d6 [|- fiin^ 0— J fiin^ 0+^ siu^ 8 cos 8 cos a] log { ± 2 (cos 0— cos a)}. (98) 

Jo 

Tho integral may be transformed as bcfoi-e, and it becomes 

4 I d4> log (2 sin <h) (aiir* 2 cos^ « + 6 siii^ 2 cos® 2 0 sin* a cos* a 

-f coH^ 2 ^ sin* at) — 3 2 ^ cos* a + cos^ 2 <j> sin* ot) 

+•1 cos flc cos 2^{8in* a cos « + sin* 2tf> (cos* a — 3 sin^ a cos a)}]. (99) 
The evaluation could bo eflected by expressing the square bracket in terms 
of powers of 8in*(^, but it may bo much facilitated by use of two lemmas. 

If /(sin 2<f), 008*2^) denote an integral function of sin 2^, cos* 2^, 

[ log (2 sill <f)) f (sin 2 cos* 2^) ={d<f> log (2 COS «/>)/ (sin 2 <h, cos* 2 (f>) 

Jo Jo 

= I log (2 sin 2 ^)/ (sin 2 <f>, cos* 2 ^ j log (2 sin <f >) /(«»i 4>* ooa*^), 

( 100 ) 

in which tho doubled angles are got rid of. 

Again, if r/t be integral, 
fW 

I dif> sin*** 2 ^ cos 2 ^ log (2 sin ^) 

Jo 

“ 4^r+2 f 8m»“+»2 4> 


1 f*-. 


4m+2 “ “-4«t + 2: 

1 2jm— 1.2»t— 3...1 ir 
4m+2 2tn.2m—2...2 2' 


( 101 ) 
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For example, if m s= 0, 
fl» 


( 102 ) 

(103) 


oos 2^ log (2 ttiu <^) = —7 * 

0 ^ 

and (w =s 1) I d<f> sin® 2 <^ cob 2<f> log (2 Bin <^) = . 

Ufling those lemmaH, we find 

(99) = 5 /4 (OOK^ a — 6 COS^ oe sin® a -f sin** a) 

+ Aa (30 Cos® u sin® a — 10 sin"* a — 3 cos® a + 3 sill® a ) 

— 4 TT fos® a (cos® a + 3 siu® a) ; 

and thence, on in trod action of the valnes of 7/j,, hi, for the complete value to 
this order of approximation, 

— ^(5 cos^ a + 18c<is® aHin®a + 21 sin^a)!, (104) 

b4 J 

To carry out the calculation to a sufficient approximation with the general 
value of 0 t would be very tedious, I have limited myself to the extreme cases 
cos a = 0, cos a = ±1. For the former, we have 


ir dx 2 V ■’ 4 / 1 16 25G^2*.4-'. 256J 


lok^V IIW 

64 ■^672r)6 4-'. 256. 8 


(105) 


an»l for the l.atter 


nr'iU 2‘^V'^ 4 / \ 16 16 . 16 "^4. 16 . 16 . 16 24.16«J 


rjPfta 417.‘6« 

’ * -i /* t» A 1 » • 


1069W 


_ 4130t)W 

64" ‘ 16 764715 ' 16.3.70 647 64 16“ . 0 . 420 


+ 3*=*^+ 

32 4.16.16 2.16 


1k*¥ wmfi 3289 A'"6" 

! 9 itjs.rjo ‘ 


(106) 


From these formulse the following numbers have been calculated for the 
value of —tr~hfy^fdx : — 

Table VI. 



kb -> i 

1 , 
s 1 

1 

kb - -/2. 

it6- 2. 

(!<MI« 0 

1 1-8716 + 0 -0732 »• 

1-1216+0-28861 

1 0'8824 + 0‘r>r>63i 

' 0 -6490 + 1 -0860 { 

ooB a « db 1 

|-1 -6684 + 0 •07101- 

- 1 -6072 + 0 -2646 < j - 1 -6608 + 0 -4401 i 

i 

-1-3062 +0-66671; 

1 1 
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They correspond to the value of ^ formulated in (95). 

Following the same method as in case (i), we now combine the two solutions, 
assuming 

^ (107) 

and determining A and 11 so that for cos a = 0 and for cos = ± 1, dyp'/dx shall 
be equal to — lA, The value of at a distance in front is given by (76). in 
which 

ik . (108) 

We may take the modulus of (108) as representing the transmitted 
vibrations, in the same way as the modulus of (67) represented the transmitted 
vibration in case (i). 

Using p, q, r, 8, as before, to denote the tabulated complex numbers, we 
have as the equations to determine A and 11, 

Ap + By = Ar+Bj? = ik/iTy (1^^9) 

» ttot a f 'I'ijr= - i=2±i(£=r). (U0> 

J 2 px—ijr 

For tho second fraction on the right of (110) and for its modulus we get in 


the various cases 



kb = i, 

11470- 01287 i, 

1-1642, 

kb = 1. 

11824-00986i, 

1-3733, 

kb = ^2, 

0-6362- 10258t, 

1-2070, 

kb = 2, 

0-1 239- 0-7303 ?. 

0-7407. 


And thenoe (on introduction of the value of kb) for the modulus of (110) 
representing the vibration on the same scale as in case (i). 


Table VII. 


H. 

Modulus, 

i 

0-1413 

1 

o-oseu 


! 1-2070 

2 

1-4814 


These are the numbers used in the plot of Curve B, fig. 1. Wlten kb is 
much smaller than the modulus may be taken to be When kA is large 

the modnlus approaches the same limiting form as in case (i). 

This curve is applicable to electric, or luminous, vibrations incident upon 
a thin perfectly conducting screen with a linear perforation when the electric 
vector is parallel to the direction of tho slit. 
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It appears that if the incident light be unpolarised, vibrations perpendi- 
cular to the slit preponderate in the transmitted light when the width of the 
slit is very small, and the more the smaller this width. In the noighhourhoud 
of M = 1, or 2b = X/tt, the curves cross, signiKying tliat the transmitted light 
is nnpolarised. When lib = 1^, or 2h = ‘ixfiir, the \K>lari8ation is rovorsed, 
vibrations parallel to the slit having the advantage, but this advantage is not 
very great. When our calculations would hardly succeed, but there 

seems no reason for supposing that anything distinctive would occur. It 
follows that if the incident light were white and if the width of the slit were 
about one-third of the wave-length of yellow-green, there would be distinctly 
marked opposite imlarisations at the ends of the spectrum. 

These miiabers are in good agreement with the estimates of Fizeau: “Une 
ligne polaris^ perpendiculairement & sa direction a paru utre de de 
millimetre; une autre, beauconp moins luminonse, polaris^e parall&loment 
k sa direction, a etc estimde ii millimetre. Jc dois ajouter que ces 

valeurs no sont qu’une approximation; elles peuvent 6tro on r4alit(S plus 
faiblcB encore, tnois il ost pen probable (ju’elles soient plus fortes, Co 
qu'il y a de certain, e’est quo la polarisation parallulo n*api)aratt que dans 
les fentes les plus fines, ot alors quo leur hirgeur ost bien moindro que la 
longueur d'uue ondulation qui est environ de de millimetre.” It will 
be remembered that the “ plane of polarisation ” is perpendicular to the 
electric vector. 

it may be well to emphasize that the calculations of this papier relate to an 
aperture in an infinitely thin perfectly conducting screen. We could scarcely 
be sure lieforehand that the conditions are sufhcicntly satisfied even by a 
scratch upon a silver de^iosit. The case of an ordinary sixictroscope slit is 
quite different. It seems that here the polarisation observed with the finest 
practicable slits corresponds to that from the less fine scratches on silver 
deposits. 
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Experiments on the Temperature Coefficient of a Kew Collimator 

Magnet. 

By G, A. Shakkspkak, M.A., D.Sc. 

(Communicated by Prof. J. II. Poynting, {\R.S. Received June 20, — 

Road June 26, 1913.) 

It is usually assunied that the relation between the moment mt of a 
collimator magnet used in deterniining the horizontal component of the 
earth's magnotic field is dependent on the temperature, the relation being 
given by the equation vn = The evidence, however, upon 

which this assumption is based not appearing conclusive, the writer was led 
to make an indepcndeiit investigation of the subject, and the present paper is 
an account of the experiments carried out with that object on a Kew 
collimating magnet of the ordinary tyi)e about 20 years old. 

One of the <lifFiculties in any magnetometer observations arises from the 
variability of the earth’s field. Variations may be either those of a 
widespread nature, such as are generally dealt with under the name of 
diurnal variation, or those of purely local origin, due to the proximity of 
electric trams, dynamo-electric machinery, electric mains, or like causes 
Among those disturbances we may include those arising from earth currents, 
since these currents, to whatever cause they may be due, are often of much 
more considerable magnitude that is usually suspected. 

It is therefore nccossary to eliminate the errors which such disturbances 
might produce. The method of attaining this end, which suggested itself to 
the writer, is the use of what may be called a compensating magnetometer. 
The principle of the method is simple. Let A and B be two plane mirrors. 
Then, if a ray of light falling on one of these be reflected on to the other in 
the way indicated in the diagram (fig. 1), the direction of the emergent ray 
will make with that of the incident ray a certain angle dependent on the 
angle between the planes of the mirrors. If, now, each of the mirrors be 
rotated through the same small angle in the same sense, the deviation of the 
ray brought al)out by the first mirror will be corrected by the second, and 
the emergent ray will still form the same angle with the ray incident on the 
first mirror. Ueuce, if the ray comes from a very distant scale, and is 
received in a telescope, there is no displacement of the image of the scale in 
the field of view. 

In practice it is often inconvenient to have the scale at a great distance, 
and to overcome this difficulty a collimator may be used, leaving a scale at 
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the focus of the collimating lens. A more convenient device, however, is to 
use an ordinary scale at a moderate distance. But iu this case there will be 
a movement of the image of the scale in the field of view, depending on the 
distance between the mirrors, and, to secure absence of such movement, the 
mirror B must be made to move through a slightly greater angle than the 
mirror A. If A and B be the mirrors attached to two magnetometers, this 
end can be attained by slightly weakening the controlling field of the 
magnetometer B by the use of a small subsidiary magnet so arranged as to 
weaken the field without altering its direction, in a manner to be described 
later. In this way the image of a scale viewed with a lolescopo in the 
manner indicated may bo made to remain statiomuy, though the direction of 
the field change considerably. 

It is assumed that the disturbing force may be regarded as a second 
uniform field superposed on the general field of the earth. But it is useful 



to note tliat if the disturbing field be not uniform (as in the case of a 
neighbouring dynamo), it is still possible to arrange the strength of the field 
at the compensating magnetojiieter in such a way os to eliminate disturbance, 
provided the relative magnitudes of the disturbing field at the two magneto- 
meter remain constant. But if the field be thus arranged to compensate for 
a non-uniform field, which varies in a given ratio at the two magnetometers 
respectively, it will not bo sucli os to compensate for a uniform disturbing 
field. It is, for instance, possible to compensate for tlie effect of a dynamo 
at a distance of, say, 10 metres, but not at the same time for electric trams 
at a distance of 400 metres. 

In the present experiments compensation was made for uniform disturbing 
fields, thus eliminating the effect of the trams and of the diurnal change. 
Experiments were suspended while dynamos close at liand wore being used, 
though the disturbances due to those were very greatly diminished. 

Arrarigement of MagneU and Magnetoinetfrs , — A differential method was 
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used, in which the effect of the tnngnet to be tested was l)alanced by means of 
a compensating magnet at ordinary temperature. Several dispositions of the 
apparatus were tried, which will be understood from the accompanying figure 
(fig. 2), where K and G represent the Kew magnet and compensating magnet 
respectively, and M and M' the primary and compensating magnetometers. 

Of these (a) was most satisfactory and was used exclusively in the later 
work, so that the description given must be taken to apply to this case unless 
otherwise stated. 

Heating Aiiavgerneuts . — The Kew magnet was contained in a brass tube, 
being fixed therein by its middle point by means of a collar of brass provided 
with two projecting teeth at the bottom and a central screw at the top, as 
shown ill section at P (fig. 3). Tho collar was brazed to the brass tube at the 



niiddlo of its length, an aperture B being left above the screw to allow the 
latter to be screwed up when the magnet bad been inserted in its place, by 
means of a gauge bar, through the open end A of the tube. A short tube 
from this aperture to tho exterior was closed witli an indiarubber bung. 

This magnet tube was fixed by means of two perforated annuli of brass, D 
and I)\ in the middle of a large tube E£, which served as a water jacket, 
tlirough which water could be allowed to flow by means of inlet and outlet 
tubes as indreated by the arrows. Brazed on tho underside of the outer 
tube at the middle point was a short rod of brass (F) with a conical point. 
At G two other hemispherical feet were attached. These three feet rested on 
a brass plato which had a hole to receive the point of the cone F and a 
y groove to take the hemispherical end of one foot G, the end of the third 
foot resting on the plane surface of the plate. This elaborate arrangement 
was necessary to secure that the centre of the magnet should neither approach 
nor recede from the magnetometer in the course of heating or cooling, for an 
extremely small movement would entirely mask the true nature of the effect 
to he observed. The water jacket was covered with thick felt ; and a lump 
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of load (L) wfis fixed between the feet for greater stability. The brass plate 
was cemented down to a slate slab on which the magnetometer and com- 
pensating magnet stood. 

As an illustration of the necessity for elaborate pn^cautions to avoid small 
changes of distancei it may be incntioned that the tilting of the floor due to 
change of position of the observer may be quite sufficient to piwluoo an 
appreoiablo change of scale reading. In fact the changes in Immidity and 
temperature caused minute tilting of the wooden table and wooden magneto- 
meters at first used, thereby pnalucijig irregularities wliich seemed in- 
explicable- These troubles, however, were overcome by building up a table 
made of a slate slab on masonry supports standing on the concrete floor, from 
which the wooden blocks bad been removed, and by making the magneto- 
meters of brass. 

The water supply from the main passed through a gas hcatei* on its way to 
the water jacket and tho temperature of the latter could be adjusted to any 
value between about 9*^ C. and 60® C., and kept constant to about 0*01° C. 

The temperature of tho magnet was given by the thermometer T which 
piojecled into tho middle of tlie magnet through the rubber bung li. The 
range of temperature used in most of the experiments was about 10° C. to 
35° C., about such variations as h Kew magnet in ordinary use, and 
occasionally handled, might be subjected to. In some of the experiments 
however, the range was considerably greater. 

Cov}pcnsatvng Magiiet . — ^Tlie coiuj)euHJiting magnet was contained in a brass 
tube filled into a brass box, in winch the tube was surrounded by about 
a litre of water. In this way the temperature of the compieTisatiug magnet 
changed very slowly with the rdiangc of the room teinj)erature. 

It was necessary, as will bo seen later, tliat tho compensating magnet 
should l>o i»f as nearly as possible the same length and moment as the Kew 
magnet. To secure this, the magnet was built iip of a number of thin 
magnetised rods, each of the same length as the Kew magnet, the nurnl)er 
being chosen to give approximately the same moment as that of the Kew 
magnet. Those rods were arranged in the form of a tube inside a brass tube 
and a thermometer projected into the middle of the coiupound tubular 
magnet thus formed. 

Magnutomctm . — Each of these consisted tif a box with three sides of glass, 
the framework and the remaining side being of brass. This last side had a 
large circular opening. When the magnetometers were in position, those two 
apertures faced one another and were connected by means of a cardboard 
tube covered with felt, so that a beam of light could pass from the mirror of 
the one instrument to lliat of the other without traversing any unnocossar}' 
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glaRH on th« way. The mirrors were sextant mirrors about 2'6 x 2 cm., 
silvered on both sides. Each was fitted with eight small magnetised needles 
about L cm. long, mounted on a small slab of cork through which passed 
a thin copper wire dei>endi«g centrally from the frame of the mirror. By 
this means the needles could (je turned to any desired orientation with 
respect to the mirrors. The copper wire was continued below the needles 
and was bent into the fonii of a liorizontal ring about 1 cm. beneath them. 
This ring dipinnl into a dash-pot of oil, the size of the ring being such as U) 
make the motion of the magnetometers very nearly dead-ljeat. The mirror 
and needles were Hus|>ended with a single fibre of ecKjoon silk abemt 
10 cm. long. 

Jdjitsiment , — The two ningnetometers were placed in the required i>oHition 
in the same X.S. line. The mirror and telescope were then acljiisted so that 

tlie scale was seen by reflect ion in both mirrors 
as shown in fig. 4. For making the final adpist- 
inent it was necessary to be able to siqiorpose on 
each of the magnetometers eqtuil fields transverse 
to that of the earth ; for this p\irpose a long bar 
mag!iet was placed at a distance of about 5 ineti'es 
on the line bisecting the distance l)etweon the 
inagiietometers at right angles. By means of 
telescopes viewing a scale hy reflection from the backs of the mirrors the 
position of the bir magnet was adjusted so that on rotation of tlie magnet 
through 180° about a vertical axis, equal deflectiouB were produced in the 
two magnetometers. The positifui of the magnet was then marked and the 
magnet lemoved. 

The Kew magnet was next ]»laced in position to the W. of the priinaiy 
magnetometer so as to lie in an E.W. line fwissing tluough the centre of that 
magnetometer, but so as not to produce any deflection of the compensating 
magnetometer. The compensating magnet was now brought into position to 
restore the i>rijimry magnetometer to its origi?»al direction, while at the same 
time giving no deflection of the compensating magnetometer. This was 
rendered simple by the equality of its intanont ami length with those of the 
Kew magnet. 

On now britiging into p^mition the disturbing bar magnet, the two 
magnetometers, l)eing in controlling fields of unequal magnitudes, were 
deflected thnmgh different angles and the image of the scale seen by 
reflection in both mirrors moved. 

In the case represented in the diagram (fig. 4), the controlling field at 
M' is too small. A small subsidiary magnet, M'', of steel wire, about 3 cm. 
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long, fixed in a braes support, was therefore brought to a suitable position 
S. of the compensating magnetometer to give an increase in magnitude of 
the controlling field (without cliange in direction), so that on rotating the 
disturbing magnet no deflection was observed in telescope T. In this way 
the deflections due to the disturbing magnet were reduced to less than 1/400 
of that whicli would have been given without the com^xinsating device. 

It is evident that if the moments of K and C remain constant, small 
changes in the direction of the earth's field will not alter the scale reading. 
But if the temperature vary, the moments of the two magnets will in 
general vary to differing extents. It is necessary, therefore, to determine 
the change of scale reading duo to each degree change of temi>craturo of the 
coinpenwiting magnet, the Kew magnet bedng kept meanwhile at constant 
temt)eraturo. This was done separately fur each arrangement of the 
apjmratiiH. 

Course of an Experiment . — Tlio water was turned on througli tlie water 
jacket of the K magnet and when the temperature indicatt^d by tlio thermo- 
meter remained steady the scale was read and the temperatures of both 
magnets were taken. The gas was now lighted in the heater through which 
the water j)as.sed on its way to the magnet. Tlje temperature of the magnet 
could thus be gradually raisetl to any desired temperature up to about 60® by 
adjusting the gas tap. Readings of scale and tljennoinoters were taken at 
suitable intervals of temperature; the temperature of the magnet being 
allowed to become steady before taking a reading. To avoid rapid fluctuations 
in leniiwraturc the water after leaving the heater passed through a spiral of 
metal tube immersed in a vessel of water, to serve as a sort of temperature 
flywheel. The temperature of the magnet thus could not be suddenly 
changed. 

Value of Sm/m. — So far we have dealt with changes in tlie moment for 
a given clrnuge in temperature. It is necessary to know the ratio of such 
changes to the original value of the moment. Several ways of doing this 
were tried, but the following proved most satisfactory. The primary 
magnetometer was fitted with a coil consisting of two single turns of 
insulated wire, one on each side of the needle, the common axis of the turns 
passing through the centre of the needle system (as seen in fig. 6), so that, 
when an electric current passed, a field was produced perpendicular to the 
horizontal component of the earth’s field and in the same direction as that 
due to the Kew magnet. The Kew magnet and compensating magnet 
having been adjusted in position as already described, the Kew magnet was 
removed and a current was sent through the coil so as to restore the needle 
to its original x)ositioD. (llie effect of the coil on the compensating 
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magnetometer wan balanced by meana of a aingle turn of wire in flories with 
the coil, not ahown in the diagram.) The magnitude of the current C was 
measured by means of a potentiometer. 

The current was then stopped and the Kew magnet was Te])lacod in 
position and heated through any desired range of temperature, the small 
ourrent SC necessary to restore the itoodle to zero position being determined. 
It was assumed that Sm/m was equal to SC/C. Tii this way the value of each 
scale division could be detennincd in tenns of the total effect due to the 
Kew magnet alone. In some of the experiments the results were obtained 
by means of tlio current at each temperature, in otliors by obseiNing the 
scale deflection and deducing the ratio Sm/m from the value of each division 
determined at the beginning of the experiment. The advantage of this 
meth<»d lies in the elimination of the uncerUiinties introduced by torsion of 
th(5 suspending fibre, Se|)arate experiments devise<l for the x>nr]>ose showcfl 
that the effect of the current in the coil upon the Kew magnet and com- 
]»ensatiTig magnet was negligible. 

BestUfs, — The moment of the magnet is not simply a function of the 
temperature. The relation is complicated by the fact that time ent-ers into 
it. Moreover, the moment at any given temperature depends on the 
])Tftvious history of the magnet ; e.ff., in general, the moment at a given 
temperature depends to some extent upon whether that temperature was 
preceded by a higher or a lower temperature and also uj>on the extreme 
temperature to which it lias immediately previously been subjected. 

'J'he general effect may bo illustratetl by reference to two curves shown in 
fig. 5. These two curves arc for two consooutive temperature cycles, the 
second covering a greater range than tlie first. The arrows indicate the 
branches of the curves corresponding to rising and falling temiieraturos 
respectively. The range of temperature in these curves is somewhat 
greater than in the majority J)f cases investigated, and in consequence the 
effects to be noticed are considerably greater, and thereby made clearer. 
The dotted lines are straight lines. 

It will bo noted that the curve for falling temperature in each case lies 
below that for rising temperature. The cui*ve AB is represented by the 
equation 

m = mi7 {1-3-292 X 10-< (^-17)- M5x 10"«(«-17)*}. 

The moment at 17° C. 1ms been taken for convenience as 1000. 

In general, if the cycle has been performed at about the same rate 
throughout, the sagitta of the cooling branch is less than that of the 
warming branch. In fact, the cooling branch is often indistinguishable 
from a straight line, the actual sluipe depending largely upon the rate of 
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coolinfi^ at different parte of the range of fall of temperatnie. If the first 
part of the fall is made rapidly and the last part slowly the curvature of 
the branch may bo reversed, so as to be concave upwards. 

It will be seen that in tlie case illustrated there is a subpermaiieut loss 
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of moment on cooling to the final temperature in each cycle, the loss due 
to the second being very slightly less than that d\ie to the first. But if the 
second cycle had been for the same range of temperature (instead of a 
greater) the second loss would have been considerably less than the first. 
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For the experimentfl show that this subijermaneut loss is dependent on the 
highest temperature reached. 

In successive cycles of the same range this subpermauent loss rapidly 
diminishes, so that if, for example, we take three cycles in quick sucoessiou, 
the loss for the second is less than that fur the first, while that for the third 
is less tlian that for the second. 

The Hubi)ermanent loss, however, gradually disapijeurs after the cycle is 
ended if the temi)erature is kept constant. Thus, in the case shown, after a 
i*e8t of al>out 48 hours, the finishing point E would have risen so as to lie 
very nearly on the original curve AB, though it would still be slightly below. 

In fact, the experiiiients show that it is highly probable that any cycle 
results in a very small permanent loss of moment, even if the range be only 
one of a few degrees centigrade ; but the liigher the extreme temperature 
the greater the ]ierinaiient loss. 

In the case shown the curve CD lies entirely below the curve BC, but 
this is not always so ; the curve for the second heating may lie largely 
above that for the first cooling, eflixjcially if the interval of time between 
the two cycles be somewhat long (say two or three hours). 

To illustrate the gradual recovery of tJie subpermauent loss the result of 
a eyede in which the range of iemi^emture was from 7® to 31® C. may be 
quoted. At the end of the cycle the moment had at 7^ C. the value wliich 
it previously liad at 7'9® 0. on the warruing branch of the curve. But in 
48 hours it liad recovered to such an extent that at 7° C. its value was that 
which it previously had at 7'1° 0. 

If the magnet lias been heated to, say, 60® C. and cooled quickly to, say, 
15® C. and then quickly heated again to, say, 25® C, the recovery is facilitated, 
so that at the end of the second cycle the moment may be greater than at 
the beginning of that cycle, though less than at the beginning of the previous 
one. 

In general wo may say that the subpermanent effect of a cycle is always 
greater for the first cycle after a period of rest of several days than for 
succeeding cycles following at short intervals, Uie range of temperature in 
each case being the same. 

In fact there is a striking analogy between this effect and the ])ennaneut 
lengthening of a wire which has been stretched with a load far below that 
required to reach the elastic limit. For it has been shown that a wire does 
not accurately recover its length after being stretched with a conqiaratively 
small load and this subpermanent residual stretch is greater for the first 
load after a period of rest than for succeeding loads following at short 
intervals. This fact suggests that part at least of the effect of a change of 
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temperature on the moment of a magnet may be ascribed to* the same kind 
of action as occurs in the stretching of a mre, i.e, to some change in the 
relative positions of the crystals of which the steel is composed. Such a 
change would occur if the crystals liad a ooetficient of ex})anHion slightly 
different from that of the matrix in which they were embedded, with a 
consequent minute amount of rupture on heating ; and the gradual recovery 
with time after cooling would be accounted for by the gradiuil growing together 
again of the crystals. There can be little doubt that the magnetic ])roperlioa 
of the steel depeiul to some extent on the crystalline structure of the metal. 

It may be noted that ]>eTinauent cfiects on the moment of the magnet 
tend to be masked by permanent effects of clianges of temperature on the 
comi^usating magnet, but if the latter is kept at a fairly constant tempera- 
ture the comiiensating device enables the oxiieriments to be carried on 
continuously for months without appreciable cliange of zero. 

JSffhct of the Magnetic Fields in which the Magnet lies, on the Temjperahive 
Coeffidetit, — Experiments with different arrangements (a) (J) {c) (rf), lig. 2, 
suggested that the temperature coetlicieut might be sliglitly affected by the 
field in which the magnet lay. 

To test this point the primary magnetomoter alone was used. This 
magnetometer was supj>orted on a vertical rod attaohctl to a fixed liorizoiital 
slab. The Kew magnet was fixed on a second slab which was capable of 
rotating in a horizontal plane alxmt the vertical 
rod. The Kew magnet was first laid in an E.W. 
direction, as indicated at K, fig. G, in such a position 
as to produce no deflection of the magnetometer. 

The slab was then rotated through 90° so as to 
bring tlie magnet to position K', when its field 
v?ould of course be perpendicular to that of the 
earth. The compensating magnet was placed at C, 
fig. 6, to restore the magnetometer to zero ; the Kew 
magnet was then removed, and the current required in the coil to restore the 
magnetometer to zero once more was observed. The Kew magnet was then 
replaceil at K' and lieated through a certain range of temperaturt and the 
small ourrent which was necessary again to restore the magnetometer was 
measured. The whole ex[>criment was then repeated with the Kew magnet 
reversed, end for end, with its S.-seeking pole to the northward. Thus the 
mean coefficient over a given range of temperature could be found when the 
magnet was lying in fields differing by about 2 H. The results showed 
that for the magnet under investigation the temperature coefficient is not 
sensibly affected by changes of field of the order of H. 

VOL. LXXXIX.— A. 
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ConclusioTis. 

We maj now give a summary of the conolusiouB to which the experiments 
lead : — 

(1) For a steady rise of temperature, the relation between the moment rut 
at a temperature t° above some standard temperature, O, may be approxi- 
mately represented by an equation of the form 

where q and q' are constants, and for a subsequent steady fall a similar 
equation holds, but with different constants. 

(2) If the rise and fall of temperature be not steady, the relation cannot be 
represented by any such simple equation. 

(3) There is always, even for a change of temperature of only a few degrees, 
a residual weakening of the magnet, which diminishes with time, if kept at 
constant temperature, until after the lapse of about 24 hours the original 
value is very nearly (though perhaps never perfectly) regained. 

(4) It appears that it is easy to over-rate the degree of accuracy with 
which the moment of a collimator m^net at any temperature can be 
deduced from that at some other temperature, the application of the 
ordinary quadratic formula being likely to give an apparent degree of 
accuracy which is quite illusory. 

Perhaps the following way of dealing with the question would be fairly 
satisfactory. Suppose the magnet is generally to be used at temperatures 
in Uie neighbourhood of 15° C. Let the magnet be heated to, say, 30° C., 
and the mean coefficient « over this range be observed. Then let it be 
cooled to, say, 0° 0., and the mean coefficient over this range be 
ascertained. Now, let us suppose that we are doing magnetometer observa- 
tions, and haviug done the oscillation experiment at temperature 6 we 
proceed to the deflection experiment If now the temperature has risen to 
B+ttWe may put for the moment 

If, on the other band, the temperature has fallen to 6— t, we may put 

«I,_< sa 

Probably some such method as this would lead to rather more accurate 
results than would be attained by the simple application of the quadratic 
formula. But if the collimating magnet is to be regarded as an instrument 
of precision its temperature must not be allowed to vary mote than a few 
degieee, and after being handled it should not be used for some hours, as 
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Buoh handling may give rise to a subpermauent change of moment which 
will not immediately disappear. It is, moreover, necessary to take pre- 
cautions to secure that the temperature of the magnet is known, especially 
as, in the ordinary use of a Kew magnetometer, an error of even half a 
degree in the estimate of the temperature is by no means impossible. 

(6) For differences of field of the order of ±H the temperature co- 
efficient is not sensibly affected by the field. 

In conclusion, 1 wish to thank my assistant, Mr. £. Simpson, for help in 
construction and adjustment of apparatus throughout the work. 

Note , — The principle of the compensating magnetometer may be applied to 
needle galvanometers, and I have constructed an instrument consisting of 
two galvanometers to test the utility of such an application. I have not 
yet had an opportunity of fully investigating its possibilities, but it seems 
likely that a high degree of sensitiveness may be attained with a fair 
immunity from effects of small local magnetic disturbances. Moreover, for 
a given resistance, two galvanometers with this arrangement can be made 
more efficient than one. 
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A Case of Abnormal Trichromatic Colour Vision due to a Shift 
in the Spectnmn of the Oreen^Sensation Curve. 

By Sir W. dk W. Abney, K.C.B., F.B.S., and W. Watson, D.Sc., F.R.S. 

(Received Jwio 13, — Read June 26, 1913.) 

The authors have each separately dealt with the question of oouiplete and 
incomplete colour-blindness caused by the absence of, or decrease in, the 
response to stimulation of the red or green perceiving apparatus which is 
functional in the case of vision. We have shown that a huge number of 
cases of defective perception of colour are simply explained on this hyjio- 
thesis. Abnormality of colour vision may also be due to a shift in, or an 
alteration in form of, one of the sensation curves. In the present i>aper we 
discuss the effect of one tyi^ of shift on the colour perception and give the 
results of a series of measurements which show that such a shift, without 
any alteration of form, does sometimes occur. 

In a pa{»er which appeared in the ‘Proceedings of the Royal Society,* ♦ one 
of us indicated how a shift, that is a displacement of the whole curve so 
that the maximum is displaced to a different wave-lengtli, of one of the 
sensation curves could be detected by a simple spectrum test, whicli is as 
follows. When yellow light of wave-length 6760 A.U. is mixed with blue 
light of wave-length 4610 in suitable proportions the mixed light looks to 
tlie normal eye exactly the same as the white light from the crater of the 
electric arc both in hue and brightness. If a jierson who has a shift in one 
of the sensation curves is shown tliis matcli it will not ap{)ear correct to 
him nor can it be made correct by any alteration in the proportions of the 
yellow and blue lights. There will, liowever, in every case be found a 
position of the slit tlirough which the yellow light is obtained with which a 
satisfactory match can be obtained. In other words the wave-length of the 
light which is complementary to the blue will be different to that of normal 
vision. 

On the other hand, where the colour perception defeot is due to a 
deficiency of one of the sensations the observer will agree that the match 
made by the normal is correct, although in most oases he will also consider 
correct matches made when the yellow slit is moved to one or other side 
of the normal setting, the range being the larger the greater the defect. 

In order to see why in the case of colour defeot due to a deficiency in one 
of the sensations the normal match appears correct it is necessary to 
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oonttider the sensation curves. In fig. 1 are given the sensation curves of the 
speotrum colours for the normal eye, the source of light being the crater of 
an arc with a horizontal positive carbon, i.r. om in which the crater directly 
faces the slit of the spectroscope. The sensations are given in terms of luuiin* 
osity* so that the sum of the ordinates of the three curves for any wave-length 



Fio. 1. — Scale of priRiuatic spectrum (S.S.K.), showing wave-lengths. 


is equal to the luminosity at tliat wave-length. Since the luminosity of the 
blue sensation is so small compared to the others the blue sensation curve 
has been plotted on a scale 100 times as great as that adopted for the red 
and green sensations. When considering the matches made between 
mixtures of clifferent coloured lights it is, however, often convenient to adopt 
a different scale, namely, one in which the areas of the three sensation 
curves are all equal. With this scale equal ordinates of the three sensation 
curves correspond to a mixture which will appear to the normal eye as 
white. The areas of the three sensation curves on the luminosity scale are 
Bed 5= 679, Green = 248 and Blue = 3*26, and these correspond to the 
sensation produced by the whole combined spectrum, tliat is by white light. 
If we multiply the ordinates of the green sensation curve by 679/248 or 2*21, 
and those of the blue sensation curve by 579/3*26 or 117, the green and blue 
sensation curves will have the same area as the red sensation curve. The 
three sensation curves plotted on this scale are sliowu by the full line curves 
in fig. 2. 

* An explanation of what U meant by the luminosity of a coloured light is given on 
p. 404 of vol. 88 (A, 1913) of the ‘ Proceedings.* 

U 2 


Scale of ordinatea. 
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Let U8 now consider an observer who has, say, only half the normal green 
sensation, so that on the luminosity scale the ordinatea of his greeu-sensatitm 
curve will be half those for the normal curve. On the equal area scale, 
however, his green-sensation curve will be the same as the normal, for since 



Fio. 2. — Scale of prifunatic spectruin (S.S.N.), showing wava-lengtha 


the area of the green-sensation curve on the liuninosity scale is now 124, to 
obtain the equal area scale we must multiply by 579/124 or 4*42. Hence, 
since the multiplier is twice as great as for the normal, the resulting curve 
will be the same as for the normal. 

Now if we take a yellow at S.S.N.* 48’4 (6760 A.TJ.), ».e. at a (fig. 2), and 
mix it with a violet at S.S.N. 9‘5 (42.35 A.U.), i.e. at b (fig. 2), the width of 
the violet slit being 2*5 times that of the yellow, and read off the three 
sensations at these places from the full line curves given in fig. 2, the values 
in the violet being multiplied by 2'6, we get the following numbers : — 


* The Tslnee of the scale numbers given in the diagrams in terms of wave-length are 
aa follows : — 


S.S.N. 

Wave-length. 

l.U. 

as.Ns 

Wave-length. 

A.U. 

62 

6057 

34 

5002 

60 

6728 

32 

4924 

58 

6521 

30 

4848 

56 

6330 

28 

4776 

54 

6152 

26 

4707 

52 

5096 

24 

4639 

50 

5850 

22 

4578 

48 

6720 

20 

4517 

46 

6596 

18 

4469 

44 

5481 

16 

4404 

42 

5373 

14 

4349 

40 

5270 

12 

4206 

38 

6172 

10 

4245 

36 

5085 

8 

4108 
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Table I. 



Sensations. 

Foiition of 




slit. 

Bed. 

Green. 

Bine. 

a 

87 -9 

69*8 

1*6 

b 

1*4 

0 

67-7 

Sums 

69*8 

69*3 

69*8 


Since the sums for the three Honsations are the aame it follows that the 
mixture will look white to the normal eye. Further, since the curves for 
the |)eraon who has half the green sensation are precisely similar, the sums 
will be equal for him also and hence he will match the mixed colour with 
his own white. Similarly for any other case of colour defect, where the 
defect is due to a deficiency of one of tlte sensations, the equal areas of the 
sensations will be the same as those of the normal eye. 

Although tlie i)erson who has a defect of one of the sensations will agree 
with the normal match, it will be found that when making the match the 
position of the yellow slit can be moved some little distance from the correct 
position for the normal without the match becoming defective to him. This 
waut of definiteness of the mixture required for a match when one of the 
colour sensations is defective can be illustrated by fatiguing the normal eye 
(say) with red so that temporarily the red sensation is defective. This effect 
is illustrated in the following matches made by one of us. In eacli case white 
was matched by a mixture of red, green and violet light by altering the 
width of the slits through which the coloured light proceeded. In the case 
of both the unfatigued and the fatigued eye not only was a correct match 
made but also one when the green slit was so much reduced that the 
deficiency iu green was just observable and one where this slit was so much 
opened that the excess of green was just perceptible, the red slit being kept 
at a constant width throughout. The numbers obtained for the width of the 
green slit are given in Table II. 

The range between a noticeable excess and defect of green is for the 
uufatigued eye 4*5, and for the fatigued eye 16*2, and a match correct for the 
unfatigued eye is correct for the fatigued eye. 

If the sensation curves are the same for a given observer as for the 
normal, except that one of them is shifted along the spectrum, quite a 
different result will be obtained. Thus suppose that the green-sensation 
curve is shifted towards the red end of the spectrum by an amount equal to 
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Table II. 


Character of match. 

Width of green elxt. 

XTnfatiguedf 

Fatigued. 

Corroot 

22-7 

28*6 

Too little green 

20*6 

11 -0 

Too much green 

26*0 

27 ‘2 


2 S.S.N. and occupies the position shown by the dotted curves in figs. 1 and 2. 
The sensations at the points a and h for such a person are as follows ; — 


Table III. 


Pontion of 
elit. 

Bed. 

Sensation* 

Green. 

Blue. 

■■ 

IBi 

79-2 

1*6 


M 

0 

1 

07*7 


69*8 

1 

70-2 i 

1 

1 69*8 


The sums of the blue and red sensations are still equal but the sum of the 
green sensation ordinates is greater, and hence the mixed colour will not 
match the white but will appear to such a person too green. If, however, 
the yellow slit is moved towards tlm I'ed to e, fig. 2 (S.S.N. 49*8, 5860 AXJ.) 
and the width of the violet slit is made 2’72 times that of the yellow slit 
we get 

Table IV. 



SeniationB. 

Position of 




slit. 

Red, 

Green. 

Blue, 

e 

71*8 

78-6 

0-6 

h 

1-7 

0 

78-0 

8umi 

78*6 

78-6 

78 -8 


The three sums are now equal and hence the mixed colour will match the 
white to such an observer, although it will appear orange to normal vision. 
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Hence, if an observer does not agree with the normal when violet and 
yellow are matched to form white but reciuires that the yellow slit l»e moved 
towards the red to form a match, we conclude that his green-senHatiou curve 
is displaced towards the red and vice versd. A movement of the red- 
sensation curve would produce a similar change but since we have not 
hitherto had an opportunity of finding such a case we shall in this })aper 
only consider tlie effect of a shift of the green-sensation curve. It may, 
however, l>e pointed out that a shift of the rcd-scnsation curve would be 
accompanied by an increase or deci-easo in the luminosity of the extreme red 
end of the 8j>ectrum according as the shift is away from or towards the 
green. As far as the shift of the green-sensation curve is concerned we have 
hitherto only met with displacements towards the red end of the spectrum. 

In the case of a shift of the green-sensation towards the retl amounting to 
2 S-S-N. as indicated by the dotted curves in figs. 1 and 2 we should expect 
the following effects to be pi'oduoe<l : — 

1. The part of the sj)Octrum which to the normal appears yellow will 
appear greenish, for owing to the displacement the green sensation excited 
will he greater than in the normal. In the same way wliat ap^iears orange to 
the normal will appear yellow, and so on, 

2. If we place three slits in the spectnim, one at the place of the red 
lithium line, d, fig. 2, another at the b magnesium line e, fig. 2, and the third 
in the violet at ft, fig. 2, and by varying the width of the three slits produce 
a mixture which to the normal appears to match the white, this match will 
not appear correct to the observer with the green shift (whom, for short, we may 
designate by 0., the normal being indicated by N.), To 0. the match will Ijc 
imperfect, for the green sensation he receives from the light passing through 
the green slit at e will not be as great as it is to N. By opening the green 
slit we can, however, obtain a match which is correct for O., but his match 
will api)ear green to N., and he will never agree that the normal match is 
correct. 

If now we move the green slit to /, fig. 2, whore the normal gieen- 
sensation curve cuts the displaced curve we shall find tliat a match which is 
correct for N. is also correct for O., and that either can detect a small 
departure from tins setting.*'^ 

3. The above is one arrangement of the three slits such that O. and N. 
make the same match. Another such position is obtained if the red slit is 
moved to fig. 2 (S.S.N. 52*4, 6000 A.U.). The light which now comes 
through the red slit excites green sensation in the case of both N. and 0., but 

* W« have neglected any email variation in the amount of violet which may be 
neceaeary owing to email differencea of macular pigmentation. 
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to a greater extent in the case of the Utter. Since the red and blue 
Beneations are the same for both it will be eaffioient to oonrider the equality 
of the red and green in the two oaees. If the width of the red alit is 
(^62 times that of the green we get the following values of the sensations on 
the equal area scales ; — 

Table V. 


1 

I 

Sensation*. j 

j 

Fositiob of slit. 

N. 

O. 


Red. 

Green. 

Bed. 

Ghreen. 


21 <1 

48*6 

21 *1 

84*6 


48*8 

10*4 

48*8 

80-4 

Sums 

64*9 


04*9 

64*9 


wliere the sums are the same in the two cases and hence the mixture api^ears 
white to both N. and O. Thus if the red and green slits are kept in a 
constant position and the ted slit is gradually moved up towards the green 
the matches made by O. appear to N. at first too green, but the excess of 
green gradually decreases till the ted slit is at S.S.N. 52*4. If the red slit is 
moved further towards the green the mixture which appears correct to O. 
will then appear too ted to N. 

4. Owing to the displacement of the green-sensation curve O.'s luminosity 
curve will be higher than the normal on the red side of the point where the 
normal and displaced green-sensation luminosity curves cut and lower on the 
green side of tliis point, for the ordinates of the luminosilT' curve are the 
sums of the ordinates of the three luminosity sensation curves. The resulting 
luminosity curve for a displacement of 2 B.S.N'. towards the red is shown in 
fig. 1 by the dotted curve, the corresponding normal curve being given by the 
thick continuous line. 

Up to quite recently those observers who gave indications of a shift of the 
sensation curves have not been able to devote the time necessary for a full 
investigation. We have, however, bran fortunate enough to have in the 
Senior Physios Class at the Boyal College of Science tins year a case of such 
a ^ift, and this gentleman (B.) has been good enough to devote the necessary 
time to carrying out a complete investigation of his colour sensations. He 
has proved to bea most accurate observer, and we can place complete reliance 
<m his observations. He made a series of matches throughout the ^eetrum 
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from which his sensation curves have been deduced in the manner described 
by one of us in a previous paper.* His red and practically his blue sensation 
curves are identical with those of the nortoah hut liis green-sensation curve is 
markedly different. The numbers obtained for the green sensation are shown 
by the cresses in fig. 3. It will be observed that B/s green-sensation curve is 



similar in shape to the normal, which is shown by the continuous line on the 
figure, but that it is displaced by about 2 S.S.N. towards the red end of the 
speotrum. Thus to him the maximum for the electric arc light occurs at 
wave-length 5690 A.U. in place of at 5575 A.U., which is that of the normal. 

When white is matched by mixing light which passes three slits placed at 
the points rf, e, and 6, fig. 2 (6706, 6190, 4236 A.U.), B. requires very much 
more green than the normal, as is shown by the first line in Table VI. If, 
however, the red slit is moved towanls the yellow, the green and violet slits 
remaining fixed in position, the excess of green required by E. got less and 
less, till finally a position for the red slit was found where the mixture 
matched white both to B. and to the normal. If the red slit is moved fiTtber 
towards the yellow B. required less green than the normal, so that his 
mixture looked slightly red to the normal. The above changes indicated that 
in the case of B. we had to deal with a shift of the green-sensation curve. 
The changes in the slit widths required to match white both by B. and by a 
normal (W. W.) are shown in Table VI. The positions of the green and 
violet slits were kept constant, as was also the width of the green slit, the 


* * Phil. Traus.,’ 1905, A, voL 305, p. 335. 
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xnatoh being obtained by varying the widths of the red and violet slits and 
the brightness of the comparison white. With the red slit at 52*5 the match 
made by either was correct for the other. 


Table VI. 


Fotition of ** red ** 
slit. 

Slit widths. 

B. 

W. W. 

S.S.N. 

A.U. 

Red. 

0reen. 

Violet. 

Bed. 

Oreen. 

Violet, 

60-8 

6710 

28*3 

17 *2 

26 0 

62*6 

17 -a 

26*0 

67*1 

6480 

8*6 

17-2 

26 *0 

16 *6 

17 *2 

26*0 

64-6 

0200 

7 -a 

17-2 

26*0 

8-6 

17 *2 

26*0 

53 0 

6080 

9*2 

17*2 

88*0 

0*2 

17 *2 

88-0 

62*5 

6040 

10*4 

17-2 

33*0 

9*5 

17-2 

33*0 

62-0 

6000 

14-8 

17*2 

45-0 

10*0 

17*2 

46*0 


When matching D-light with a mixture of red and green if the re<l 
is at the red lithium line, E. required considerably more green than did the 
normal. If, however, the red slit were moved towards the yellow, just as in 
the cose of the white matches, the excess of green gradually decreased, though, 
owing to the fact that the D-light in the case of K. excites the green sensation 
more strongly than the nonnal, we did not get the markeil change in the 
appearance of E.’s match to the normal which lias been referred to in the 
case of the white match. For this reason the white match is preferable to 
the Bayleigh match for bringing out tlie characteristic changes when the 
position of the red slit is altered. Another advantage of the white match is 
that the yellow produced by mixing green and retl to match the D-light is 
less saturated tlian the D-light itself, and this causes considerable difficulty 
with some observers when making the match. 

When matching white by a mixture of violet light (9*5 S.8.N., 4235 A.U.) 
and yellow light the following results were obtained 

W. W, R. 

Position of yellow slit... 48*9 S.S.N. or 6780 A.U. 50*0 S.S.N, or 6880 A.U. 

showing that the complementary to the violet is in the case of B. displaced 
towards the red, as has been shown on p. 237, we should obtain if the green- 
sensation curve was shifted towards the red end of the spectrum. 

Again it was found that if the red and violet slits were in the standard 
positions d and b, fig. 2, a position for the green slit,/, fig. 2, could be found 
such that the mixed light matched white both for B. and for N, 
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The Inminosity curve obtaiued by B., iising the equality of brightneHs 
method, is given by the upper dotted curve in fig. 3, the continuous line being 
the normal curve. In fig. 4 are given the points conesponding to four sets 
of luminosity measurements made by the flicker method, the crosses giving 



the values obtained by R and the circles those obtained by one of the authors 
(W. W.). It will be observed tliat R.’b luminosity curve agrees with what it ^ 
ought to be if his green-sensatinn curve is displaced towards the green by 
about 2 S.S.K., such a calculated curve being given in fig. 1. Attention may 
be drawn to the fact that B.'a luminosity curve does not agree with the 
normal at S.S.N. 48*6, as it would if R’s abnormality were due to a deficiency 
of either the red or green sensations as has been shown in a recent paper by 
one of ua* 

It will thus be seen that the results obtained by R agree in all respects 
with what we should expect if there is a shift of the green-sensation curve 
and which are given on p. 237, so that they form a strong support not only of 
the green-sensation curve obtained by R. but also of the normal (.urves 
published by one of the authors. Farther, it is difficult to see how the 
various matches made by B., which are simply and consistently explained on 
the trichromatio theory, can be explained on any of the other commonly 
held theories of colour vision. 


* ‘ Boy. Soo. Proe.,’ Idl3, A, voi 88, p. 404. 
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It is of praotioal importanoe to consider what effect a shift of the green* 
sensation curve such as that exhibited by B. will have on the power of 
discriminating colours, particularly those colours which are used as signals at 
sea and on railways. As has been mentioned, one effect of the displacement 
of the green-sensation curve is that the part of the spectrum which to the 
normal appears yellow, to such persons appears green or greenish. Thus B. 
places the change from green to yellow in the spectrum at 49*9 S.S.N. or 
6810 A.U. while to a normal (W. W.) this point appeared to be at 48*8 S.S.N. 
or 5780 A.U. One effect of this difference is that a light, such as that given 
by a paraffin lamp, which to the normal appears decidedly yellow appears to 
a person with the shift of a greenish hue and in fact B. often calls such 
a light green. 

Another effect of the displacement is that the t>erception of a green light 
when diluted with white light is very much more difficult than for the 
normal. The reason for this effect is at once apparent from a consideration 
of the sensation curves. Consider a green at S.S.K 36 (5090 A.U.). At 
this point in the spectrum the red and blue sensation curves for N. on the 
equal area scales intersect. Hence we may regard the effect produced by 
light of this wave-length as an amount of green sensation (represented by the 
difference between the ordinate of the green-sensation curve and the ordinate 
of either the red or the blue-sensation curves) diluted by white light (this 
white light corresponding to the equal amounts of red, green, and blue 
sensation excited). It will be observed that the amount of the diluting white 
is the same for the normal and the i)erson with the displaced green curve ; 

I but to 0. the amount of reaidtuU grem sensation is less than half tliat of the 
normal In other words the green perceived by B when light of this wave- 
length enters his eye is very much more diluted than it is to a person having 
normal colour vision. As a certain amount of dilution with white light will 
obliterate the perception of green in the coloured ray, it follows that to 0. 
the amount of white light which will obliterate it is considerably leas for 0. 
than it is for a normal vision. This effect is clearly indicated by some 
measui'ements made by B. that are shown in fig. 5. The experiment consisted 
in determining the amount of any given coloured light which could be added 
to a given amount of white light so that in the resulting mixture the colour 
was only just recognisable. The ordinates in fig. 5 give the luminosity of the 
coloured light expressed as a percentage of the luminosity of the mixture, 
the crosses being the values obtained by B. and the circles those obtained by 
W. W. It will be observed that in the red the two i^ree as they also do in 
the blue. In the green, however, B. requires more than twice as much green 
light to be mixed with the white than does a person having normal colour vision. 
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To see whether the above given explanation is adequate to explain the 
effect observed in the case of K. we may calculate the proportion the residual 
green sensation bears to the total white, that is the added white plus the 
white due to the equal stimulation of the three sensations for the mixture of 
green at S.S.N. 35. The results are given in the following table : — 



Luminosity of 
colour when just 
peioeptible 
(white - 100). 

This colour consists of— 

Total 

Sntio of residual 
colour to total 
white. 


White. 

Reoidual colour. 

white. 

R 

1 

27*7 

24-1 

8*6 

184 '1 

0*020 

w. w 

0*0 

6*6 

3*8 

106 -e 

0*081 


It will be observed that the ratio of colour to white when the colour is 
just observable, when allowance is made for the want of saturation of the 
colour sensation is the same for R. as for the normal. 

Another effect produced by this want of saturation is observed if the 



minimum brightness is determined at which a coloured light can be dis- 
tinguished from a white light of the same intensity placed alongside, m other 
words, when the chromatic threshold is determined. In fig. 6 are given the 
ilhuninations on a screen (3*2 x 1*6 cm.) placed at a distance of 66 cm. from 
the eye when the coloured light looks indistinguishable from a similar patch 
of white light alongside. In the red and the blue R. and W. W. agree, but 
in the green there is a marked difference, R.’h threshold for colour being 
markedly higher than the normal. 

The above results both as to the effect of dilution with white and as to 
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the chromatic thrediold are of gte&t practical importance^ for they both affect 
the power of an observer to identify green lights such as those used at sea. 
Tliese lights are never pure spectral lights, though they are spectral 
colours diluted with white. Thus the Board of Trade standard light-green 
light can be matched by a mixture of spectral green at S.S.N. 37*4 or 
5116 A.U., with an equal amount of white (arc light). Further, if the size 
of the image of the coloured patch on the retina is diminished, it must be 
remembered that the amount of white required to extinguish a spectral colour 
is very much reduced. 

The increased want of saturation of the green produced by a displacement 
of the green-sensation curve towards the red is clearly brought out by the 
curves given in fig. 7. In this figure the spectrum is represented in terms 



The three colour seuBatiouB which make white light being riiown as of equal value. 

of sensations on a triangular Newton’s colour diagram. The corners of the 
triangle represent the red, green and blue sensations, the scale adopted being 
the equal area scale used in fig. 2, so that the centre W of the triangle 
represents white. The amount of either of the sensations corresponding to 
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any point within the triangle is inversely proportional to the distance of this 
point from the comer corresponding to that sensation. The spectrum, as it 
appears to the uonual eye, is represented by the continuous line, the numbers 
written alongside the line representing the different parts of the spectrum 
expressed in S.S.N. The dotted line gives the spectrum as it appears to a 
person who has the green-sensation curve displaced by 2 S.S.N. towards the 
red. Even to the normal eye the green part of the spectnun corresponds to a 
green sensation diluted by much white, for the curve representing the 
B^iectrum passes about half-way between the green-sensation comer and the 
white point W. In the case of the green-sensation shift the curve passes 
much nearer the white point W, indicating tliat the colour seen is less 
saturated than it is to the normal eye. If the green-sensation curve were 
shifted by 3'6 S.S.N. towards the red, the green-sensation curve on the equal 
area scale (iig. 2) would pass through the point where the red and blue sensation 
curves intei-sect, and hence light of the wave-length (5090 A.U.) corresponding 
to this point would produce the sensation of white to such a person. In 
other words, there would be a neutral point in his sjiectrum. In such a case 
the curve representing the spectnun on the Newton diagram would jiaas 
through the point W. 

As a result of our study of the case of B., as well as of some more isolated 
observations made on others, we consider that it is extremely probable tlrat 
the particular class of colour abnormality which was Orst investigated 
Lord Bayleigh by means of his instrument for matching D-light by a mixture 
of red and gi-een light, and which is generally referred to as anomalous 
trichromatism, is due to a shift of the sensation cnr\os, and tliat green 
anomalous trichromates are persons who have the green-sensation curve 
displaced towards the red end of the spectmm. It must, however, be 
remembered that abnormal matches may be obtained by jiersous who in 
place of a shift have a reduced sensation for red or green, llie two classes 
are, however, distinguished, as has been pointed out earlier, by the fact that 
in the case of a deficient sensation the accuracy with which matches can be 
made is less than in the case of either the normal eye or one in whicli one of 
the sensation curves is shifted. 

In conclusion, the authors would like to express their obligation to Mr. £., 
to whose careful measurements they are indebted for many of the results 
which are embodied in this communication. 
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The Reflection of X-rays by Crystals. (II.) 

By W. H. BKAoa, M.A., F.B.S., Cavendish Professor of Physios in the 

University of Leeds. 

(Received June 21, — Bead June 26, 1918. 

This note is a supplement to a paper on the reflection of X-rays by 
crystals which has been recently coramiuiicated to the Boyal Society.* It is 
tliere shown that the wave-length of a homogeneous beam of X-rays can be 
found accurately in terms of the spacing of the elements of a crystal. 
There lias been some doubt as to the actual arrangement of the atoms in the 
crystal and in consequence it was not possible in the paper quoted to draw 
any final conclusions as to wave-length values. From the work now 
described by W. L. Bragg it appears that the reflection phenomena lead to a 
more definite knowledge of crystal structure, and wo may now complete 
various quantitative determinations. 

The elementary volume in rock-salt is a cube with 1 atom of sodium at 
each of four corners and 1 atom of chlorine at each of the other four. In 
other words the number of elementary volumes in any space of measurable 
dimensions is equal to the niunber of atoms in that space. 

The number of molecules in 1 c.c. of NaCl is 

216/68-5 X 1-64 x lO"** a 2-24 x 10“ 

(The weight of the H atom is taken to be 1*64 x 10~“.) 

The number of atoms is twice as great and the elementary cube volume is 
therefore l/4'48xl0“a2'23xl0~“. The edge of the cube is 2'81xl0~*; 
this is the distance between consecutive reflecting planes parallel to (100). 

The principal bundle of homogeneous X-rays from a platinum anticathode 
is stated in the paper quoted to be reflected at the (100) face of rock-salt at 
a glancing angle of 11*55*. Recent observations with better apparatus show 
that this bundle is really double, consisting of two sejiarate sets whose wave- 
lengths differ from each other by a little less than 2 per cent, of either ; they 
also show that the first estimate was a little too high. For the purpose of 
the present argument it is sufficiently accurate to ignore the division and 
assume the angle to be 11*3*. This gives a wave-length 

(2 d sin 6) = 2 X 2*81 x lO*" x 0196»1*10 x lO'*. 

The wave-lengths of other homogeneous rays can then be found easily as 
soon as their angles of reflection are known. 

* W. H. Bragg and W. Lu Bragg, fiieao 'Proceedinga,* A, vol. 68, p. 428. 
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A bulb having a nickel anticathocle gives one weak beam of houiogeneous 
rays reflected at a glancing angle of 17*2®; the con^Hponding wave-length is 
1*66 X 10"®. A tungsten anticathode gives a weak beam at an angle of 12’9° 
and the wave-length is therefore 1’25 x 10"®. An iridium anticathode gives 
a more complicated Hi>ectrum which is not yet cojnpletely analysed. 

On the basis of existing theories certain numerical relations might be 
exi>ected to aulwist l)etween these quantities, and it is interesting to see how 
closely they are fulfilled. 

In the first place the “ quantum *’ energy for a wave-length 1*10 x 10"* 
is 6*55 X 10”®^ X 3 X 10'“/1*10 x 10”® = 1*78 x 10“® eigs. This sliould be the 
value of the energy of the cathode ray which can excite this i>articular 
X-ray, as well as of the cathode ray which it can excite. The quality of the 
X-ray can l»e expressed in terms of its mass-absorption coefficient in 
aluminium. The estimate of this quantity given in the first paper quoted was 
too low ; the influence of the scattered radiation was not effectively removed. 

By taking the mean of the radiation on either side of the B jjeak and sub- 
tracting this from the radiation at the peak itself witli and without an 
A1 screen a value 23*7 is foim<l. That the radiation is very homogeneous is 
ascertained in the usual way. 

Now according to Barkla's experimental results, X-rays of this quality are 
such as are given in the K series by a radiator of atomic weight 74 and in 

the L series by a radiator of atomic weight 108. The atomic weight of 

platinum is 196, and this can hardly l)c a coincidence. It may be calculated 
from Whiddington's results* that the energy of the cathode raj" required to 
excite the X-ray of the K series in an atom of weight 74 is alx)ut 
2*14 X 10”* ei^s, wliich is in very satisfactory agreement with the “ quantum ” 
energy calculated above. 

From the foregoing it seems reasonable to take the radiation of the B peak 
as equivalent to the characteristic radiations of an atom of atomic weight 74 

(or perhaps 72*6, the equivalent of platinum in the K series), while the 

experiment with the nickel anticathode may be taken to show that the wave- 
length 1*66 x 10"® lielongs to nickel (at. wt. 59) and in the same way that 
of 1*26 X 10“® to tungsten in the L series or its equivalent (at. wt. 67) in the 
K series. Now the quantum energies should be proportional to the 
frequencies and at the same time according to Whiddington to the squares of 
the atomic weight. The squares of 59, 67, and 74 (or 72*5) are in the ratio 
100 ; 130 : 157 or 150, while experiment shows that the frequencies are in the 
ratio 1/1*66 : 1/1'25 : l/l'lO, or 100 : 132 : 151. The frequency is therefore 
very nearly proportional to the quantum energy, 

* ‘Proc. Gamb. Phil. Soc./ vol. 16 , p. 160 . 
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Lastly, though the absorption coefficient of the tnngsten peak has not yet 
been aatisfaotorily measured, it may be doubtless supposed to be a little less 
than that of the A peak of platinum, since its wave*length is slightly less. 
A recent measurement of the latter quantity gives the value 35*5 and the 
absorption coefficient of the characteristic radiation of tungsten is given by 
Bsrkla as 33. 


Structure of Some Crystals as Indicated by their Diffraction 

of X-rays. 

By W. L. Bbagg, B.A. 

(Conununicated by Prof. W. H. Bragg, F.B.S. Received June 21, — ^Bead 

June 26, 1913.) 

[Plate 10.] 

A new method of investigating the structure of a crystal has been afforded 
by the work of Lane* and his collaborators on the diffraction of X-rays by 
crystals. The phenomena which they were the first to investigate, and 
which have since been observed by many others, lend themselves readily to 
the exidauation proposed by Lane, who supposed that electromagnetic waves 
of very short wave-lengths were diffracted by a set of small obstacles 
arranged on a regular point system in space. In analysing the interference 
pattern obtained with a ziucblende crystal, Lane, in his original memoir, 
came to the conclusion that the primary radiation possessed a spectrum 
consisting of narrow bands, in fact, tliat it was composed of a series of six or 
seven approximately homogeneous wave trains. 

In a recent jmperf I tried to show that the need for assuming this com- 
plexity was avoided by the adoption of a point system fur the cubic crystal 
of aincblende w’hich differed from the system considered by Laue. I supposed 
the diffracting centres to be arranged in a ample cubic qioce lattice, the 
element of the pattern being a cube with a point at each comer, and one at 
the centre of each cube face. A simpler conception of the radiation then 
became possible. It might be looked on as continuous over a wide range of 
wave-lengths, or as a series of independent pulses, and there was no longer 
any need to assume the existence of lines or narrow bands in its spectrum. 

* W. lUedric^, P. Knipplag, and M. Lauc^ *MUnoh. B«r.,' June^ 1912. 
t <Csmb. Phil. Soo. Proo.,' November, 1912. 
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It is the object of this paper to extend the analysis used in the case of 
the zincblende to some other crystals, particularly those of the simple 
alkaline halides. 

In treating the difhaotion of waves by a space point system such as a 
crystal, that case is the most simple in which the diffraction is caused by a 
series of points arranged in a space lattice, of one of the 14 Bravais types. 
Here every point is identical with every other point of the arrangement, and 
it is always possible to find an element of the pattern consisting of a parallele- 
piped with a point at each corner : there will then bo as many parallelepipeds 
as atoms in any space. The points can be referred to three axes parallel to 
the edges of the parallelepiped, and if one of the points is taken as the origin 
the co-ordinates of the others may be written 

X = ±pff, y = ±g6, z = ±rc, 

where p, q, r are any integers, and a, b, c are equal to the sides of the 
parallelepiped, and therefore proportional to the axial ratios of the space 
lattice. When the axes are chosen in this way the co-ordinates of the points 
and the equations of the planes passing through given selections of points 
are expressed in the simplest manner possible. 

Let a series of pulses fall on this space lattice, the direction of propagation 
having a given relation to the axes of the system. As any one pulse passes 
over each point, a diffracted wavelet spreads from it, and it will be sliown 
that the wavelets from all the points due to one incident pulse will combine 
in certain directions to form trains of waves, which give rise to the patterns 
of spots appearing in Lane's diffraction patterns. This may be done in the 
following way: — 

If the axial ratios of the space lattice be denoted by a, b, c, any plane 
which makes intercepts pa, qb, rc, oik the axis (p, q, r being any integers) is 
parallel to a whole set of planes on which the points of the system may be 
considered as arranged. It is such planes as these which form the faces of a 
ciystal. When a pulse falls on a set of points on a plane the wavelets from 
the points combine to build up a wave front which will appear to be regularly 
reflected from the plane. As there are a series of planes regularly spaced 
one behind the other, a single pulse falling on them gives rise to a reflected 
wave train. 

When therefore a narrow pencil of X-rays falls on a section of a crystal, 
part of its energy is transmitted uudeviated, but there is also a part which 
is reflected on the crystal planes existing potentially in the body of the 
crystal. It is the series of narrow beams arising by reflection in this way 
which gives rise to the pattern of spots appearing in the i>hotograph. 

X 2 
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There can be asaigued to each set of parallel planea integral indices (A, k, 1), 
as when naming the faces of a oiyatal, and a apot can be olasaifled as being 
reflected in the (h, k, 1) set of planes. Here the integers h, k, I, are reciprocal to 
the intercepts which a parallel plane inedces on the axis of reference. They 
are Milleriau indices, the equation of the plane being 

h- + k^+l- = an integer. 
a h c 

They may lie oonaidered as the parameters of each spot of the pattern, and 
are exactly equivalent to the parameters ha, ha) employed by Lane in his 
original treatment of the subject. Ijane detiues his jiarameters by saying 
that the diffracted wavelet from a point at the origin of co-onlinates laga 
hi, ha, hz, wave-lengths in the directions under consideration behind the 
wavelets proceeding from its neighbours along the x, //, z axes respectively. 
Thus the wavelets from all atoms in the plane 

Ai — hha^'j-Az— — 0 
a 0 e 

are in phase with that from the origin, and, in general, the wavelets from all 
points in the plane 

hi-+ha%-\-hz- = an int^r 
a 0 e 

are in the same phase. We are led liack to the same conclusion as before, 
that the direction of the diffhioted wave front is one in which the primary 
beam is reflected by planes whose Milletian indices are (Ai, Aj, As). But, as 
will appear presently, it is important to bear in mind the feet tliat crystal 
structure alone fixes the exact position of the interference maxima, quite 
independently of the existence of homogeneous components of definite wave- 
length in the incident rays, and therefore a method of treatment has lieen 
adopted in which all reference to the wave-length has been avoided. 

It is possible for a spot to appear in a position corresponding to reflection 
in any set of planes having integral indices (A, k, 1). In an actual pattern 
obtained by allowing the diffracted X-rays to fall on a photographic plate, 
sinoe there is not an infinite number of spots, only a selection of the planes can 
be operative. The spots forming the pattern are of very different intensities, 
and one can never say that spots are entirely absent but merely that in 
certain cases the rays are too weak to make an impression. It would seem, 
however, that by olassifioation of the planes which reflect the principal spots 
of the pattern a clue can be got to the true point system arrangement of the 
diffeacting centres. The point system which affords the most simple inter- 
pretation of the pattern is that which oi^t to be taken as representing the 
crystal structure. 
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When a photograph has been taken with a oryHtal an analysis is necessary 
in order to assign to each Bi>ot of the pattern obtained the correct x>araiueters 
A, It the Millerian indices of the face from which the spot is retlected. 
Having decided on the axes of reference of the crj^stal, the foll(»wiug method 
will 1)6 found to apply whatever their inclinations to each other and aAial 
ratios may be. 

The inoi*e important planes of the system are those densely jwicked with 
points, and from this fact it follows that these planes contain rows along 
which the points are closely packed. These are the important “ point-rows ” 
of the crystal, and each of these point-rows will have a set of important 
planes i>arallel to it. Tlie three axes themselves are the most obvious 
examples of these })oiiit-row8. The “ zone axis of planes Ixjlonging to a 
common zone is also such a direction. There is a convenient relation between 
the points which are ietlecte<l in the planes belonging to any one zone. The 
reflected beam always lies on a circular cone wdth apex at the crystal section, 
the zone axis as axis, and tlic direction of the primaTy l)6am as one generator. 
This c<jne cuts the photographic plate in an ellipse passing through the central 
point of the pattern, and all spots reflected in planes of the zone lie on it. The 
arrangement of the spots on elliiKses is very obvious in an interference pattern 
(see fig. 11), and the ellipses can immediately be drawn. A little calculation 
shows to which zone axis each ellipse must be assigned, and, by marking a 
given spot as lying on the intersection of two ellipses, the calculation of the 
indices A, A, of that spot is made pcjssible. For each zone of planes we have 
the relation AU + AV -|-/W = 0 where (U, V, W) is the zone symbol ; that is 
to say, the set of direction ratios of the zone axis. 

When representing diagrammatically an interference pattern it is very 
inconvenient to draw the ellipses at the interseotions of which the spots of 
the pattern lie. It is simpler to employ an extension of the usual stereo- 
graphic projection of crystallography. Iteferenoe to fig. 1 will make this 
clear. Let the section of crystal be situated at C, the centre of the sphere 
represented in the figure by the circle ABP, and let the direction of the 
incident rays be from P to 0. The rays which traverse the crystal umUwiated 
fall on the photographic plate AD at A. Let CZ represent the direction of a 
zone axis. The beams refiected in planes of this zone lie on a circular cone 
with vertex at C, of which CZ is the axis, and CA, CB are two generators. 

This cone cuts the sphere in a circle of wliich AB is a diameter, and by 
the well known property of the stereugraphio projection, the projection of 
this circle on the plane AD from the i)ole P is also a circle. The centre ot 
this circle is at Z, since AZ =a ZS^ Z being the point where the zone axis 
cuts the photographic plate. 
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Let the pattern of spots be supposed to be made by the diffiraoted beams 
on the sphere ABP, and this pattern projected on the plane AD from the 
pole F. Spots corresponding to reflection in planes of a zone now lie on 
a circle, having its centre at the point where the zone axis cuts the plate AD. 
The spot at S made by the reflected beam CB becomes a spot at S' of the 



transformed imttem. The distortion of the pattern of H)x)tB by the trans* 
formation is very small except in the regions distant from the centre, and 
circles are much easier to draw than elhpses. This has been done in all the 
diagrams given in this paper. In constructing a diagram, a point is chosen 
as that in which the incident rays meet the photographic plate. This is A in 
the figure. Then the points such as Z, where the principal zone axes meet 
the plate, are found by a calculation, which is easy when the crystal is placed 
symmetrically to the pencil of X>rays. A circle is drawn with centre Z and 
radius ZA. This being done for each zone axis, the intersections of the 
circles give the stereographic projections of the reflected spots. 

Let us take as an example of the application of this analysiB the very 
simple case of potassium chloride. Tlte diflhustion pattern obtained when the 
X-rays fall normally on a plate out parallel to the cube face (001) is repro- 
duced in fig. 2, Plate 10, and its stereographic projection in fig. 3, which shows 
also the indices of the reflecting planes corresponding to the several points of 
the photograph. 

Potassium chloride is cubic, and the indices given to the planes are those 
obtained when the edges of the cube are selected as axes of reference. 
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The circles correspond to zone axes for which 
UaiO, Vas+1-^ 

U=±l 

and their intersectionH give the spots reflected in all planes of the fom 
(A h 1) where h and k have any of the values 

0, ±1, ±2, +3, ±4, ±5. 

In the diagram of the KGl pattern the spots are represented by dots, the 
magnitude of each dot indicating the strength of the corresponding spot in the 



Fia. 3.— Fotaasium chloride. 

photograph. It will be seen how complete the pattern is, and how within a 
certain range each intersection is represented by a spot in the photograph. 

This may be put in another way. Below is a table of values of h and A, 
I being equal to 1. In the square corresponding to given values of A and A 
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is placed a dot denoting the magnitude of the corresponding the square 
being left empty if no spot is to l)e seen. 


Table I. 
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This table contains a list of all the spots appearing in the j)hotograph. It 
suggests that the diftraction is due to a simple cubic space lattice, for when 
the elementary i>arallelepiped is a cube and its edges are taken as axes the 
indices of the planes naturally take these simple forms. 

For, let a series of planes be taken, for which two indices are constant and 
one varies, such as the series 031, 131, 231, 831, 431, etc. These idanes will be 
arranged in this order for all their properties, such as reticular density, 
distance apart, and so forth, if, and only if, the indices are referred to axes 
parallel to the sides of the elementary parallclepipeil. If this condition is 
satished, then all the pTO])erties of the planes vary in an orderly manner as 
one passes along the series. The power of reflecting the X-rays is a particular 
property of the planes, which is seen from the photograph to vary con- 
tinuously for any such series as the one given above, therefore the diffracting 
system is a s^xice lattice with axes at right angles, and a cube for its 
elementary parallelepipeil. 

It may be objected here, that it is conceivable that a complex structure, 
and a radiation consisting of honK»geneuus components, just hapi>en in the 
case of potassium chloride to give a deceptively simple pattern, Tlmt this is 
not the case can be seen by displacing the crystal from its symmetrical 
position, and obtaining the distorted interference pattern. It is still as 
straightforward as l)efore, though of course uft longer symmetrical. Corre- 
Hpoiiding spots in the two patterns are now made by different wave-lengths, 
and it is obvious that there can be nothing of the nature of homogeneous 
components of the incident radiation. The contrast of this pattern with 
those characteristic of potassium bromide and iodide, of rook salt, and of 
sincblende, which will shortly be given, will tend to make this more clear. 
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All the luoBt intense spots of the photograph are at about the same distance 
from the centre of the pattern. A circle can ho drawn such that the spots 
which lie near to it are very intense, while those further away are weaker 
and those at great distances are too faint to appear. All ellipse intersections 
lying near this circle are represented by a sjjot. Those planes reflect most 
strongly for which the glancing angle lies between 12*^ and 20° and it is in 
seeking to explain this fact that it is necessaiy to consider the question of 
the “ wave-length " of the diffracted rays. This we must now do. 

When a pulse falls on a series of planes regularly spaced one behind tlie 
other, it is reflected as a wave train, and the waves making any one spot 
must be considered to be of the lengths given by 

7i\ = 2/f sin 

where ff = glancing angle, d = distance between successive planes, and w is 
an integer 1, 2, 3, etc. An alternative way of reganling the phenomenon is to 
consider the incident radiations as compounded of homogeneous wave trains 
of all wave-lengths, with a characteristic distribution of cnei^y in the 
spectrum, when the parallel planes must l>o considered as reflecting only that 
jiart of the sijectrum for which the relation 2d sin ff holds good. In 
the case of tlie cubic space lattice considered here, tliis relation reduces to 

nX a 

I 

where a is the distance between neighbouring points along the cubic axes, 
for a simple calculation shows that d a sin ff/L Since I is equal to unity 
for all the spots of the potassium chloride photograph, spots which liave the 
same and lie at the same distance from the centre of the pattern, 
correspond to the same wave-length. The ring of intense spots in the 
]jatteru indicates strong reflection of a certain part of the spectrum of the 
incident radiation. Either conditions are especially good* for reflecting tliis 
wave-length, or the incident rays have a large amount of their eiiergj" in this 
part of the siiectruiu. 

It is interesting to compare the simple pattern of ^wtassium chloride witli 
those of potassium iodide, potassium bromide, fluorsiiar, and zincblende. 

The stereographic iirojectioii of KJ^(IOO) is given in (ig. 4, that of KI 
being very similar. Botli of these arc like the jmtterus of zincblende and 
fluorsjiar, and are in marked contrast to that of KCl. 

* The most important condition in this connection is probably the thicknesB of the 
crystal section used. As will be shown later, the use of a thin crystal section favours the 
reflection of the longer wave-lengths, the corresponding spots coming out strongly, while 
the use of a thick section favours the reflection of the shorter. 
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It ifl evident that some factor lias now rateied which destroys the simplicity 
of the arrangement of spots characteristic of potassiirm chloride. Spots no 
longer appear at every intersection of the ellipses within a certain region, os 



Fig. 4. — Potasciiiim bromide. 


in iig. 3. A tabulation of the intensities of the spots in the zincbleude and 
potassium bromide patterns will make this clear. (See Tables 11 and 111.) 

There are also in the case of sincblende several spots for which a value 3 
must be assigned to I, if A and A are to be integers, but not many. It was a 
consideration of Table II which led in a former paper* to the conclusion 
that the diflincting centres of the zincblende crystal are arranged on the face- 
centred cubic space lattice. 

An examination of the planes in which reflection takes place shows that 
there is a differentiation between those whose indices are wholly odd and 
* 'Osmb. Phil Soo. Proe.,' November, 1918. 
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Table II. 
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Table III. 


A — » KJh- 



those which have one or more even indices. If those planes alone are con- 
sidered which have odd indices, as in the following table, the scheme is as 
complete as it was for the spots of the KCl crystal. 
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Odd planes, ZnB. 



Even planes, ZnS. 


The same is true for those with an even index* except that the intense spots 
are all further removed from the centre of the picture. 

This difference can be explained without our being forced to assume that 
the difirocting system is anything more than a simple system of identical 
points. It is sufficient to suppose that the point ^tem has points at the 
centres of the cube faces as well os at the cube comers. Let a cubic point 
system of the first kind be taken which has points at cube comers alone, and 
let points be introduced at the cube face centres in order to turn it into a 

* The spot 041 forms an exception, indeed evidence is not lacking that the assumption 
of diffraction by the face-centred space lattice does not completely account for the 
pattern. The reason for this will appear when the parts played by the atoms of two 
kinds in the diffraction are discussed. 
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point STBteiu of the so-called “ third kind.” (The “ second kind ’* is the 
centred culie.) The spacing of the planes which have odd indices (h, k, 1) is 
not altered by the introduction of the new points, for they all lie on the 
original planes and only increase their point density. On the other haird, 
in the case of planes having an even index, some of the new points lie half- 
way lietween the original planes, the distance between the successive planes 
of this ty^ie must now be halved, and so must therefore the wave-lengths of 
the reflected beams. 

The interpretation of the zincblende pattern is now simple. We have seen 
that the planes with odd indices only are a complete set. There are fewer spots 
corresponding to reflection in planes with an even index, for these planes are, 
relatively to the former, loss closely packed, and of a more complex nature. 
Moreover, they are, at the same time, less widely separated, and therefore the 
intense spots with even indices are further from the centre ; the angle of 
incidence must be increased in order to make these planes reflect that region 
of the spectrum which gives intense spots. By assuming the third cubic 
space lattice instead of the first, all the intense spots of the pattern again 
correspond to the same wave-length region. 

The difference between the diffraction by the two cubic space lattices may 
be put in a much clearer way on analysis of the patterns of threefold 
symmetry, obtained when the incident rays fall normally on a plate cut 
perpendicular to a trigonal axis. If the points of the space lattices are con- 
sidered from this aspect, they are special cases of the trigonal rhombohedral 
space lattice, one of the Bravais types. 

The axes to which the spots ought to be referred are not the same (or the 
two cubic lattices. When the points are at cube comers alone, the axes 
along which they are nearest neighbours are the cube edges, and the cube 
itself is the elementary parallelepiped. When there are also points at the 
centres of the cube faces, three semi-diagonals of cube faces meeting in a 
corner form three edges of the elementary parallelepiped. The angles between 
the axes are right angles in the first case, in the second they are 60°. 

It will now be clear that when the stereographic diagram is constructed, 
giving the positions of the spots reflected from the simple planes of a trigonal 
rhombohedral space lattice, one such diagram will r^resent the patterns of 
all rhombohedral lattices, the alteration of the angle between the axes, t.e.,the 
rhombohedral angle, only causing an alteration of the scale of the diagram. The 
radius of the sphere used in the projection is, of course, supposed to be always 
the same. 

Given the points where the three axes of the lattice meet the diagratn, the 
corresponding points for the other zone axes can immediately be found and 
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the whole diagram drawn. Such a diagram is shown in fig. 5, X, Y, Z, being 
these axial points, Now, our study of the patterns of fourfold symmetry 
given by potassium chloride and zincblende has shown that the axes of the 



lattice, which is from this aspect a special case of the rhombohedral lattice, 
make angles of 90° with each other in the first case, and of 60° in the second. 
Therefore it ought to be possible to refer the threefold patterns of potassium 
chloride and sincblende to the same trigonal lattice diagram, the scale being 
didbrent, however, in the two cases. This conolusion is exactly confirmed by 
experiment. The pattern given by zincblende was published by Lane in his 
original memoir. The stereographic projections of the zincblende and 
potassium ohloride patterns are given in figs, 6 and 7. The object of this 
comparison is to show that the spots of the KOI pattern fall naturally on 
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a diagram twice the size of that on which the apote of the ZnS pattern are 
arranged, the points where the axes makit^ 90° with each other out the 
plate, being just twice as far apart as for axes making 60° with each other. 



The following table will illustrate the awkwardness of referring either 
pattern to the wrong diagram. 

If the spots of the zinoblende pattern are referred to the cubic axes, their 
indices become very much more complicated, and the pattern is no longer 
complete. The converse is true for the potassium chloride pattern, the 
indices in this case being simpier when referred to cubic axes. In Table VI 
a list of indices of the spots of each pattern is set down referred to (A) 
tile cube edges, (B) the cube face diagonals, ijt., three edges of the regular 
tetrahedron, as axes. 

. It will be seen that in the case of zincblende it is the B series, in the case 
of the potassium chloride the A series, which is simple, and which gives a 
complete series of indices over a certain range. I do not think there can be 
any doubt which space lattice is the right one in either case. 
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Table VI. 



2incblende. 


Potassium chloride.* 

A. 

B. 

A 

B. 

A. 

B. 

Ill 

010 

111 

100 

8II 

Ill 

382 

051 

S76 

6ll 

20l 

211 


Oil 

182 

411 

312 

411 


031 

T68 

8ll 

111 

100 


021 

196 

622 

802 

812 


Oil 

021 

2ll 

212 

301 



178 

823 

4II 

332 



131 

111 

823 

601 



861 

128 




* Tha ol the A leries for the KOI pattern may not, at first sight, appear simpler than 

those for the B series. The B series, however, is ourioosly inoomplete. For Instanoe, 21I and 
411 oooor but no 81I | 60l and 801 but no 40l ; 882 and 8l8 but no 322. In fact, there is a 
tendency for the vam of the indices to be even, and such a selection of the simple plimes as this 
always implies that the wrong axes have been taken* 

" In the B list for ZnS, indices such as (682) are intermediate between 811 and 211. 
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In the case of rock-nalt, it is not possible to regard the pattern as com* 
pletely characteristic of the one point system or the other. Photographs 
obtained using a thin section of crystal, about 1 inm. thick, cut parallel 
to a cube face, show a pattern very similar to that given by potassium 
chloride, though in no ease are they so simple as the pattern given by the 
latter crystal ; for a considerable amount of difference between the “ odd ” 



Fio. 9. — Bock-Bslt, S'5 nun. thick. 


and '‘even” planes is also evident. A photograph taken with a section 
6 mm. in thickness is more like one taken with potasrium bromide or 
iodide, the difference between odd and even planes being more marked. In 
fig. 8, Plate 10, is reproduced a photograph taken with a section of< look-salt, 
2*5 mm. thick, cut parallel to a face (100), and in fig. 9 its stereographio 
diagram. In the tables on the next page are set down the intensities of the 
spots when different thicknesses of crystal are used. 
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Table VII. 

1 mm. 


■ 

B 

B 

B 

B 

□ 

B 

D 

fl 

B 

B 

□ 

B 

■ 

D 

fl 

B 

D 

□ 

fl 

□ 

B 

B 

B 

□ 

□ 

B 

■ 

□ 

□ 

□ 

□ 

□ 

B 

□ 

□ 

a 

□ 

fl 

B 

B 

■ 

B 

fl 

□ 

fl 

□ 

fl 

■ 


NaCl, 1 mm. 


Table VIII. 
4— »■ 2*5 mm. 


i 

o 

B 

B 

B 

B 

q 

B 

fl 

i 

■ 

B 

Q 

fl 

N 

B 

fl 

■ 

□ 

D 

□ 

B 

B 

B 

D 

□ 

B 

fl 

B 

D 

□ 

□ 

D 

B 

D 

5 

□ 

B 

■ 

B 

B 

■ 

i 

B 

□ 

■ 

B 

B 

fl 


NaCl, 2'5 mm. 


Table IX. 


4 — »■ 6mm. 


fl 

D 

B 

B 

IB 

B 

B 

B 

■ 

■ 

fl 

■ 

B 

B 

B 

■ 

fl 

B 

fl 

D 

□ 

B 

■ 

B 

B 

□ 

B 

B 

B 

■ 

B 

□ 

B 

B 

B 

D 

B 

B 

B 

B 

fl 

B 

B 

B 

□ 

B 

B 

B 

B 


NaClt 6 mm. 


I think these tables, especially the first one, suggest that the rock-salt 
diffracting system is in some way intermediate between those of potassium 
chloride and potassium bromide. The change of intensity of the spots with 
the thickness of the crystal is interesting. It may be laid down as a general 
rule that increasing the crystal thickness increases the intensity of the inner 
spots as compared with that of the other. This is to be expected, for the 
inner spots represent the shorter and more penetrating radiations. 

If in passing through a thickness dx of the crystal a proportion adx of 
the radiation of a certain wave-length is reflected, and if the absorption 
coefficient of the radiation in the crystal is then the radiation reflected in 
a slip of crystal of thickness t will be proportional to to a rough 

approximation. This is a maximum when t == 1/A;, and since cl is very 
small, this means that to get a spot strongly marked a section of crystal 
should be used of such thickness that it absorbs a fraction Ifc of the incident 
radiation of that wave-length. This would explain qualitatively the varia- 
tion with thickness of crystal of the intensity distribution over the spots 
which is actually observed. 

On comparing the evidence as to the nature of the diffracting systems in 
these crystals of sodium chloride, and of potassium chloride, bromide, and 
iodide, it would seem that a very simple explanation of their curious 
difference may be arrived at when it is considered that in each case diffrac- 
tion is caused by two different atoms, and that the relative efficiencies of the 
two vary from crystal to crystal. Any explanation of these differences would 
be an extremely improbable one which did not assume a similar structure 
for the whole group of alkaline halides, for these crystals resemble each 
other very closely in their properties. Yet it has been seen that the space 
lattice of diffracting points is the simple cubic one in KCl ; it is the faoe- 
centied cubic lattice in EBr and KI, and that in the case of NaCl the 
YOU LXXXIX.— A. 


Y 
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dif&acting point system is in some way intermediate between the two space 
lattices. 

Let us consider on what atomic properties the relative efficiencies might 
depend. It has been firmly established that the absorption of X-rays 
depends on the relative proportions of the various elements contained in the 
absorber. It is a purely additive property of the weight of each element 
per cubic centimetre of the absorber, and does not depend on the manner in 
which the elements are combined. Also the absorption of homogeneous 
X-rays inoreascs steadily with the atomic weight of the absorber, except for 
a sudden discontinuity consisting of a large drop in the absorption coefficient 
when the atomic weight of the absorber passes through that of the element 
of which the homogeneous X-rays are the characteristic radiation. There 
are, however, no discontinuities in the absorption coefficient corresponding 
to the changes in chemical properties of the elements in the periodic table 
as one passes to higher atomic weights. It is reasonable, therefore, to 
assume provisionally that the weight of the atom in the main defines its 
effectiveness as a diffracting centre, and that two atoms of equal weight are 
equally effective. In the case of potassium chloride the atoms of potassium 
and chlorine, of atomic weight 39 and 35‘5 respectively, are sufficiently close 
in atomic weight to act as identical diffracting centrea For rock salt this 
is no longer true; the atomic weight of sodium and chlorine differ con- 
siderably (35*0 to 23), and complications are introduced into the simple 
pattern characteristio of potassium chloride. In potassium bromide and 
iodide one atom preponderates so greatly over the other in atomic weight 
that the diffracting system consists practically of atoms of one kind only, 
and the pattern can again be assigned to a simple space lattice, but one 
which is of a different nature to that of potassium chloride. Yet the atoms 
of alkaline metal and halogen have precisely the same arrangement in all 
these cases. 

Let us distinguish between two kinds of diffracting points by calling them 
black and white. Then the points must be arranged in such a way that — 

1. There are equal numbers of black and white. 

2. The arrangement of points black and white taken all together is that 
of the first cubic space lattice. 

3. The arrangement of blacks alone or of whites alone is that of the third 
cubic space lattice. 

An arrangement which gives this result is ‘shown in fig. 10. 

In this diagram we may associate black centres with the alkaline metal, 
and white with the halogen, or vie» verad. The space lattice formed by the 
whites is the same as that formed by the blacks, being in each case the face- 
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centred cube. If black and white centres become identical, as in potassium 
chloride, the difihmtiiig lattice becomes the simple cubic one. 

The evidence for this arrangement in the alkaline halides seems very 
strong, but this does not by any means complete the solution of their 


o • o • 

• o • o 

o • e • 

• o • o 


• Alkaline IHetol ForTlaCl 
o Hdlidc AB-2'8.io'* cm. 

Fio, 10. 

structure. It yet remains an open question whether one atom alone is to be 
associated with each point of the system, so that, for example, the black and 
white centres actually represent sodium and chlorine atoms in rock salt, or 
whether the crystal structure is of a more complex nature. It was with the 
object of discovering the complexity of the diffracting unit of these and 
other crystals that the series of crystal pattern analyses, which will now be 
described, were made; their results would seem to indicate clearly the 
association with each diffracting centre of a single atom. 

It was shown above that the stereographic diagram, giving the position of 
spots reflected in the planes of a trigonal rhombohedral lattice, is the same 
except for scale for lattices of any rhombohedral angle. The completeue^ 
with which the spots of the zincblende pattern whose projection is given in 
fig, 6 represent the intersections of the circles of the diagram for the 
trigonal lattice would suggest that in all cases in which diffracting centres 
were arranged on a trigonal lattice, the pattern obtained would be very 
much the same. At all events, this would be so when the ihombihedral 
angle is not very different from 60^. That this is actually the case is well 
shown by the stereographic projections in figs. 12 and 13. They are the 
projections of photographs taken with sections of fluorspar and calcite, cut 
perpendicular to a trigonal axis, the fluorspar photograph being given in fig. 11, 
Plate 10. It is clear that in this case also, as in that of zincblende, every simple 
plane of the lattice reflects a spot when the angle of incidence lies within a 
certain range. Corresponding spots in the three diagrams vary very much 
in intensity, but this is to be expected. The point which it is desired to 




E 

A 
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make clear U the oertaiaty with which the correct axes of the lattice may 
be found from a study of the pattern. In the case of fluorspar, as in that of 
zinoblfinde, the rhombohedral angle of these axes is 60°. In the case of 
calcite it is slightly greater, a calculation of this angle and a comparison 
of the orientations of crystal and pattern making it clear that the axes of the 
lattice are tliree diagonals of rhombohedron faces meeting in an obtuse 
comer of the calcite rhombohedron, not the edges of the rhombohedron. 



which are generally taken as the axes to which the faces of a calcite crystal 
ore referred. 

In these three cases, zincblende (ZnS), fluorspar (CaFs) and calcite (CaCOf), 
the diffracting centres arc thus arranged on one space lattice. But, since a 
space lattice is an arrangement in which each point is related to its 
neighbours in exactly the same way as every other point, it would be 
impossible to arrange complex molecules in a space lattice unless only one 
point in each molecule is effective. It is diflicult to avoid the conclusion 
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that the molecule acts ss a aiogle iwint because it contains in each case 
one atom of much greatei atomic weight than the others. A comparison 
with a case in which this is not so is afforded by the rock-salt pattern of 
threefold symmetry given in fig. 14 and Plate 10, fig. 15 ; it will be seen how 
awkwardly it fits the diagram. There is a certain want of symmetry in the 
figures, which must not be confused with the want of fit. Its pattern is, in 
fact, intermediate between that cliaracteristic of axes of rhombohedral angle 



Flo. 13. — Calcite. 

at 60° and that of axes at 90°, just as was the case with its pattern of 
fourfold symmetry. 

Having found the nature of the simple diffracting lattice in these three 
oases and that of the alkaline halides, the final step in the argument which 
would assign a single heavy atom to each diffracting centre is made below 
by a comparison of the scale of their lattices, that is, a comparison of the 
length of the sides of the elementary parallelepiped for different crystals. 
Since the diffraction is caused by the heavy atoms, and there is only one in 
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eadi inoleoale« this ooncliuion, it correct, will mean an association of one 
molecule with each parallelepiped of the lattice. 

In a paper to the Boyal Society, read in April, 1913,* a method was 
described of analysing the radiations from an X-ray bulb by reflecting them 
from the face of a crystal, and measuring the ionisation produced by the 
reflected beam. 

The apparatus devised for this purpose resembled a s^iectrometer ; the 



Fia. 14. — Bock-salt. 


crystal was set on a revolving table at the centre of the instrument, and 
irradiated by a narrow beam of X-rays passing Uirough a collimator slit 
The reflected beam was received, and its ionisation measured, in a diamber 
mounted like the spectrometer telescope. By means of this instrument it 
was possible to measure the strength of the reflected beam when an 
approximately constant beam of rays fell on the face of the oiystal at 
varying angles of incidence. The results of the measurement made with a 
crystal face may be summed up in a curve, in which the strength of the 
* W. H. Bragg and W. L. Bragg, ' Boy. Boo. Proc.,' July 1, 1013. 
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reflected beam is plotted against the glancing angle at which the rays fell on 
the crystal. With most crystals, such a curve shows that at all angles there 
is a general reflection of the rays, the reflection being much stronger at the 
more glancing angles. Superimposed on this, as it were, there is at certain 
very sharply defined angles a sj^ecial reflection of very gmat intensity 
as compared with the general reflection. This 8\>ecial reflection shows itself 
as very fnarked peaks on the curve, the amount of ionisation in the chamber 
becoming perhaps 20 times as great as the chamber is swept through the 
region of a peak, and then falling away to its normal value again, the whole 
taking place within settings a degree apart. 

The results which we oljtained with various crystals pointed to the 
existence of at least three components of the X-ray team of definite wave- 
length, reflected from a crystal face when the condition 

^ 2(fBin 6 

is satisfied for the component and crystal in (piostion. Here K is the wave- 
length, 6 the glancing angle, and d the distance between successive planes 
of the crystal structure parallel to tire reflecting face. The nuiuter n 
represents the “order” of the reflection, for several peaks, which can be 
recognised as telonging to the same homogeneous radiation by the identity 
of their absorption coefficients, api>car at a series of angles whose sines are in 
the ratio 1:2:3. 

It will possibly te objected here, that in the previous discussion of the 
interference patterns, the 8i>eotruiu of the incident radiation has teen taken 
to be continuous, the simplicity of the 2 )oiassiuiri chloride photograph 
supporting the view; while here direct evidence of the existence of homo- 
geneous components of the radiation lias lieen obtained. This difficulty 
disappears when the wave-lengths to te assigned to the spots of the inter- 
ference pattern, and to the peaks of the curve, are comiiared. For instance, 
in the potassium chloride pattern of fourfold symmetry (fig. 2) the spot 
formed by the longest waves is reflected in the planes (221), and if a is 
the side of the elementary cube of the lattice of this crystal, the wave-length 
to be associated with the spot, from the formula 

X 3s 2^ sin 0 = 2 a sin* 6 

is equal to ax 0*22. On the other hand, the peak corresponding to the 
homogeneous radiation of shortest wave-length is reflected from the face 
(100) of the same crystal at an angle of about 8*4°, and corresponds to a 
wave-length ax 0*29 nearly. The spots of the pattern thus correspond 
to a region of the spectrum well inside the peaks on the reflection curve, and, 
in general, this is true for all the patterns. The reflection curve, indeed, bears 
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out urell the assumptions as to the oontinuons nature of the spectrum of the 
radiation giving the spots, for at all angles less than 10*’ a strong reflection 
takes place tvhioh only falls away slowly as the glancing angle is increased. 
The very fact that in most photographs the incident rays are parallel to an 
axis of symmetry ensures that no important planes occur making such an 
angle with the primary rays as to reflect the homogeneous components. 

It is possible to recognise the same three peaks, which will be referred to 
as A, B, C, in the curves drawn for reflection in the faces of almost all 
crystals which have been tried. They are always of approximately the same 
relative height, they have each a characteristic absori)tion coefficient, and 
they are spaced in the same way on the curves. There ap}icsrs to be no 
doubt that three lines* exist in the a])ectTum of the incident radiation, which 
give rise to the peaks. This being so, one has a means of finding with some 
accuracy the ratio of the values of d, the distance l)etwcen successive 
planes of the structure, for difierent crystals and different faces of the same 
crystal. 

Tlie angles at which those peaks are reflected from the various faces of a 
crystal, and from faces of different crystals, thus afford a great insight into 
the crystal stnictnre ; and, in fact, they supply just that infoimation con- 
cerning the structure which the interference patterns do not, for by their 
means the tliniensiona of the lattices of different crystals can be accurately 
comi>ared. The interference patterns only supply information concerning 
the nature of the lattices. 

An analysis of the results obtained when different faces of the same 
crystal are used to reflect the X-rays in the spectrometer will show how 
this comparison is carried out. 

In the curves for reflection from the three prittrary planes of tlie rock-salt 
crystal (100), (110), (111), (two of which are shown in fig. 16), the peaks 
occur for each face, but at different angles. From the equation 

X s 2(f sin 6, 


6 being the angle for the peak of the first order in each case, we have, fur 
these three faces 


( 2 ( 109 ) ’ < 2 ( 110 ) : < 2 ( 111 ) 51 


1 . 1 . 1 
sin^doo) " sint'dio) ‘ sint^du)' 


where < 2 ( 100 ) is the distance between planes parallel to the face (100), ^(loo) 
the angle at which the most prominent peak is reflected from the same face. 


* By miiig narrow alita in the reflection apparatns, evidence of the eziatenoe of more 
than three linea has been obtained, the B and C peaks being really double. See fig. 16 . 
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The angles for these three faces are 11’4®, 16'0“, 9‘8“ respectively. Tins 
gives the result 

ci(>oo) : <f(no) '• <f(iii) 5! 1 s 0’718 : 1'16, 

whereas 1 : ^ : 2 ^ 

y/2 y/ ^ 

these being the theoretical relations for the face-centred cubic H])ace lattice. 
This does not comprise all the information which a study of these three 
curves yields, they will be analysed more carefully below. For the present, 
it is sirilicient to indicate what strong reasons there are for assuming that 



Fio. 16. 


the di«*^"o«s d for the various faces can be accurately compared, by finding 
'the angles at which these peaks occur. 

It has been seen that the iiattems given by potassium chloride, zincblende, 
fluorspar, and calcite can bo ascribed to diffraction by points of a space 
lattice. It is now desired to compare the dimensions of the lattices of these 
erystals ; since the absolute value of the wave-length \ of the radiation which 
forms the peaks is as yet unknown, the dimensions of each lattice will be 
expressed in terms of \ as unit. 

Since now both the form and the dimensions (in terms of \) of the 
elementary parallelepiped are known, for the space lattice arrangement of 
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diffiraoting centres of these crystals, it is possible to calculate the volume of 
this parallelepiped; the volume is that associated with each point of the 
lattice, it is the inverse of the number of points per unit volume. A multi- 
plication of this volume by the density of the crystal gives the mass 
associated with each diffracting centre, and it is to be expected that the 
comparison of these masses (for different crystals) will give some idea as to 
whether the centre consists of atoms, molecules, or groups of molecules. The 
results of these calculations for tlie various crystals are set forth in the 
table below : — 

In this table — 

$ s glancing angle of B peak, 1st onler. 
d St distance between planes parallel to the face investigated. 

V = volume of elementary parallelepiped, calculated from this value of 
d and a knowledge of the nature of the lattice. 
p ss density of crystal. 

M = molecular weight of substance. 


Table X. 


Crystal. 

XiSttice. 

Face. 

e. 

d 

V 


M. 

V/> 

VM' 

SyWine, KCl 

Stimpla oubio... 

(100) 

o 

10 *2 

2*80 

28 *4 

1-97 

74 -S 

0-006 


(111) 

18-0 

1*62 

22 2 

BoolE-salt, NaCl... 

Faoe-oentred cubic ... 

(100) 

11 -4 

2*68 

32 *6 





(110) 

16*0 

1*82 

83 *9 

2*16 

58*6 

1-22 



ail) 

9 '8 

2-06 

88-6 




Zinoblendv, ZnS. . . 

#» »f 

(110) 1 

18-6 

1*76 

80*8 

4 00 

97 *0 

1*28 

Fluonpar, GsF, .. 

»» i» • • 

(100) 

(»ii) 

11-7 

10*8 

2<46 

2-70 

1 

29*8 
28 '8 

8-18 

78*0 

1*18 

Oaldte, CaCO. ... 

RhomboUedral 

(100) 

(111) 

10*6 

11*2 

2*74 

2*00 

44*8 1 

2*71 

1 

1 100*0 

1 

1*22 

Iron pyrites, FeSy 

Face-centred cubic P* 

(100) 

32*1 

2*89 

27*8 

6*08 

120*0 

1-15 


* The iuterferenoe pattern of thie oiyital hai not yet been obtained. 


The last column gives the value of the mass associated with each 

dillhtcting centra divided by the molecular weight of the substance. This 
quantity is, therefore, proportional to the number of molecules associated with 
each centra. For each of these crystals, with the exception of potassium 
chloride, this quantity is the same within the errors* of experiment, showing 

* It moat be renwmberad tbat in calculating tkia quanti^, any percentage error in 
the value for ein 0 ie trebled, einee sin 0 ie railed to the third power. 
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that in all these otystals the number of molecules associated with each 
diEhracting centre is the same. Taking into consideration the very different 
constitution of these crystals, this fact seems to point to the association of one 
molecule, and one alone, with each diliracting centre ; and since in zihcblende, 
fluorspar, and caldte the molecule contains only one heavy atom, the conclusion 
is arrived at that the space lattice which the diffracting pattern indicates is 
that formed by the individual zinc or calcium atoms of these crystals. 

Potassium chloride forms on apparent exception to this rule, for it has a 
value for Yp/X^M half that given by the other crystals. The reason for this 
is clcfur when it is remembered that in potassium chloride there are two atoms 
of very nearly equal atomic weights. Each molecule provides two diffracting 
centres, these being arranged on the simple cubic space lattice. The mass 
associated with each centre is not that of a molecule, but half of this quantity, 
and again it is single atoms, but now of two kinds, wliich form the points of 
the diffracting space lattice. 

It is clear that the argument given here cannot pretend to be a complete 
proof of this important point. It is conceivable, for example, that in all these 
crystals it just happens that the molecules are grouped together in fours, and 
that these groups form the diffracting centres. It is easy to picture such an 
arrangement for the alkaline halides, in fact this is the arrangement given to 
all such binary compounds by the theory of closest packing by Pope and 
Barlow. Their arrangement would explain satisfactorily the patterns and 
peak relations of rock-salt, zincblende, and potassium bromide and iodide, for 
the black and white centres of the diagram given in fig. 8 are represented by 
tetrahedra composed of four spheres corresponding to atoms of either nature. 
This would also involve, however, the grouping in fours of the calcium atoms 
in caldte, and considerable difficulty is experienced in picturing an arrange- 
ment which does this. A similar difficulty arises in the case of fluorspar. 
Potassium chloride is also hard to account for on this arrangement, if it is 
granted that in this substance potassium and chlorine act almost identically 
on the X-rays, for the atoms are in the closest packed arrangement of the 
face-centred cube, while the diffraction pattern is characteristic of the simple 
cubic lattice. Many more comparisons of crystals are necessary to confirm 
this point, in the meantime it will be assumed that the simple structure 
correctly represents the truth, and that the diffiecting centres are single 
atoma 

It has been seen how the comparison of the angles of reflection of a peak 
from various faces of the same crystal gives information concerning the space 
lattice structure of the crystal. Further information can be got by studying 
the dimensions of these peaks. For instance, the carves for two of the three 
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primary planes (100), (110), (111) of rock-salt are given in fig. 16* and a 
reference to these curves will show the very marked difference which there is 
between the curves for the face (100) and that for the face (111)- The (100) 
curve shows very marked fiiat-order peaks, much smaller second-order peaks, 
and the merest indication of the peaks of the third order. The (111) curve 
on the other hand shows the second-order peaks very much stronger thau 
those of the first order. 

This difference of the curves corresponds to a difference in the nature of the 
planes parallel to these faces of the crystal. In the arrangement of black and 
white points given in fig. 8, it will be seen that the successive planes parallel 
to (100) contain equal numbers of black and white points; the same is true 
for the x>Ianes (110), which also give a strong first-order reflection. The 
planes parallel to (111), on the other hand, contain alternately all blacks and 
all whites. The black points alone form a face-centred lattice, for which the 
(111) planes are further apart than the (100) planes in the ratio 2/^/3. Thus 
the small first-order peaks reflected from the (111) face of rock-salt correspond 
to a periodicity of black planes alone, parallel to (111), the planes containing 
the heavy chlorine atoms. The presence midway between these planes of the 
planes containing sodium atoms does not completely destroy this reflection of 
the first order, but it goes a long way towards doing so, while of course the 
reflection of the second order is reinforced and gives a large second-order 
peak. This explains the abnormal relative magnitudes of the (111) peaks of 
different orders as compared with those reflected from the faces (100) and 
( 110 ). 

In accordance with this, it is foimd that if the sodium is replaced by 
lK)ta88ium, the first-order peak reflected from the (111) face becomes too 
small to Vie detected, the (111) curve for sylvine ajqicars to have a peak of 
the first order, at an angle corresponding to planes l/v/3 as far apart as the 
planes parallel to (100). In fact, the jieaks are whei’e they should be for the 
simple cubic si»ace lattice. « 

This argument may be summed up as follows : The arrangement of the 
heavy atoms of these crystals (ixotassium chloride with its two equal atoms 
being an exceptional case) is that of the space lattice which is the skeleton 
of the crystal, one mqlecule containing one heavy atom being associated with 
each point of the lattice. The first order i^eaks of the reflection curves are iu 
the positions which theory would give for this space lattice, but the relative 
magnitudes of the peaks of the first and second orders on any curve are 
influenced by the positious of the lighter atoms in the crystal stmeture. If 

^ For the experimental evidence in support of this part of my argument I am 
indebted to my father. 
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these lighter atoms are so disposed as to lie on the planes of the heavy atom 
space lattice parallel to the face investigated, then the reflection curve may 
be said to be of the normal tyi»e, it will have large i^aks of the first order 
and small ones of the second. If the lighter atoms are arranged on planes 
situated halfway between the planes of the lattice, the first-order jieaks will 
be diminished and those of the second order reinforced. 

The curves for the faces (100) and (111) of fluorsimr sliow this effect in 
a very marked manner (fig. 17). This ciystal has as its skeleton the face- 
centred cubic lattice, the points of the lattice being represented by the 
calcium atoms. The fluorine atoms are so disposed that the reflection from 



the (111) planes is now of the normal tyi»e, in strong contrast to the curves 
for rock-salt. On the other hand, the first-order reflection from the face 
(100) has almost disappeared. The fluorine atoms must he armugecKso as to 
lie on or near the (111) plane.s of the fuiidan)ontal lattice, not on the planes 
(100) as are the sodium atoms of rock-salt. The calcite curves given in 
fig, 16 show that for this crystal it is the (100) planes which give normal 
reflection, the curve for the face (111) l)eing very like that for the face (111) 
of rock-salt. 

It is hoped that an examination of the reflection from various faces, of all 
these crystals may lead to the <iiscovery of the exact positions of the lighter 
atoms in the crystal structure; as yet the ex^joriinental results are very 
incomplete. The results obtained so far seem to fix with some certainty the 
arrangement of the he^ivy atoms of these siiiiple crystals, and in the case of 
the alkaline halides it is hoi>ed that the positions assigned to atoms of both 
kinds are at any rate close approximations to the truth. A slight sym- 
metrical distortion of the arrangement, which woultl reduce the crystal 
symmetry, would not affect any of the results which have been obtained here. 

The analysis of crystal structures given here was initially undertaken with 
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the object of discovering the alisolute wave-length in oentimeties of the 
homogeneous radiations issuing from the X-ray bulb. The positions of the 
peaks on the curves gave the wave-lengtli of the corresponding radiations in 
terms of the dimensions of the crystal space lattice. As long as the complexity 
of the unit associated witli eacli point of the lattice is unknown, the absolute 
wave-length cannot bo calculated. If the arrangement here assigned to the 
alkaline halides is right, the dimensions of the lattice can be given in centi- 
metres, for the mass associated with each centre of the lattice can be calculated 
from the known mass in grammes of the hydrogen atom. 

For rock-salt, mass of 1 nujlecule of NaCl = 68*5 x 1*64 x 10“** ; therefore 

08-5 X 1-64 X 10“** = Vp = 33-3 x 21 5 x 
= 1-34 X 10“**, X = 1*10 X 10-« cm. 

From tlio value for X, and that for djX given in Tal)le X, the dimensions 
of tlio lattice for any crystal in this table can be calculated. 


Summary. 

For a number of simple crystals tlie interference patterns can be ascribed 
to diffraction of a ** white ** radiation by a set of points on a space lattice. 
Each of these points is a single atom ; if one atom in the molecule is at 
least twice as heavy as any of the others, it is the lattice formed by these 
atoms alone which the diffraction pattern reveals. Two atoms of nearly the 
same atomic weight are nearly equivalent as diffracting centres. The 
lighter atoms of the molecule are not grouped clo.sely round the heavy atom 
forming the diffracting space lattice, but occupy intermediate positions. For 
instance, in sodium chloride the sodium atom has six neighbouring chlorine 
atoms equally close with which it might pair off to form a molecule of NaCI. 
The reflection curves and interference patterns given by the alkaline halides 
agree in assigning the same structure to these salts, the atoms being 
arranged on a simple cubic space lattice in such a way that rows parallel 
to the cubic axes contain alternate atoms of either kind. The association 
of a single lieavy atom with each point of the space lattice is indicated by 
the fact tlmt the mass of each point is proportional to the molecular weight 
of the substance when each molecule contains one heavy atom. This 
relation is got from the reflection curves of different crystals. A knowledge 
of the mass of a hydrogen atom makes it possible to calculate the actual* 
dimensions of a crystal lattice, and so to find the wave-length in centimetres 
of the homogeneous components of the X-ray beam, this being the object for 
which these analyses of crystal structure were undertaken. 
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In conclusion I should like to express my indebtedness to Prof. Pope for 
his sympathetio interest and generous assistance. Dr. Hutchinson, with the 
greatest kindness, has overcome the only experimental difRculties connected 
with this subject by supplying the necessary crystal sections ; but for his 
help it would have been impossible to obtain the very large number of 
photographs used in the investigation. These photographs were obtained at 
the Cavendish Laboratory, and I wish to tliaiik Prof. Sir J. J. Thomson for 
his kind interest in the experiments. Tlie measurements with the X>ray 
spectroscoiie were, as already stated, made by my father in the laboratory of 
the University of Leeds. 


The Structure of the Diamond. 

By W. H. Bragg, M.A., F.R.S., Cavendish Professor of Physics in the 

University of Leeds, and W. L. Bragg, B.A., Trinity College, Cambridge. 

(Received July 30, 1913.) 

There are two distinct methods by which the X-rays may be made to help 
to a determination of crystal structure. The first is ba.sed on the Laue 
photograph and implies the reference of each spot on the photograph to its 
proper reflecting plane within the cryslaL It then yields information as 
to the positions of these planes and the relative numbers of atoms which 
they contain. The X-rays used are the heterogeneous rays which issue from 
certain bulbs, for example, from the commonly used bulb which contains a 
platinum anticathode. 

The second method is based on the fact that homogeneous X-rays of 
wave-length \ are reflected from a set of parallel and similar crystal planes 
at an angle d (and no other angle) when the relation nXs= 2dsind is 
fulfilled. Here d is the distance between the successive planes, is the 
glancing angle which the incident and reflected rays make with the planes, 
and n is a whole number which in practice so far ranges from one to five. 
In this method the X-rays used are those homogeneous beams whioh issue in 
considerable intensity from some X-ray bulbs, and are characteristic radiations 
of the xnetal of the anticathode. Platinum, for example, emits several such 
beams in addition to the heterogeneous radiation already mentioned. A bulb 
having a rhodium anticathode, which was constructed in order to obtain a 
radiation having about half the wave-length of the platinum characteristie 
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rays, has been found to give a very strong homogeneous radiation consisting 
of one main beam of wave-length 0*607 x 10"® cm.,*, and a much less intense 
beam of wave-length 0*53:i x 10”® cm. It gives relatively little hetero- 
geneous radiation. Its spectrum, as given by the (100) planes of rock-salt, 
is shown in fig. 1. It is very convenient for the application of the second 
method. Bulbs having nickel, tungsten, or iridium anticathodes have not so 
far been found convenient; the former two because their homogeneous 
radiations are relatively weak, the last because it is of much the same 
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Fia, 1. — Spectra of rhodium ray» : 100 planes of rock-salt. 


wave-length as the heterogeneous rays which the bulb emits, while it is well 
to have the two sets of rays quite distinct. The platinum homogeneous rays 
are of lengths somewhat greater than the average wave-length of the general 
heterogeneous radiation; the series of homogeneous iridium rays are very 
like the series of platinum rays raised one octave higher. For convenience, 
the two metliods may be called the method of the Laue photograph, or, 
briefly, the photographic method, and the reflection method. The former 
I’equires lietorogeneous rays, the latter homogeneous. The two methods 
throw light upon the subject from very different points and are mutually 
helpful. 

The present paper is confined almost entirely to an account of the 
application of the two methods to Mi analysis of the structure of the diamond. 

The diamond is a crystal which attracts investigation by the two new 
methods, because in the first place it contains only one kind of atom, and in 
the second its crystallographic properties indicate a fairly simple structure. 
We will consider, in the first place, the evidence given by the reflection 
method. 

The diagram of fig. 2 shows the spectrum of the rhodium rays thrown by 
the (IH) face, the natural cleavage face of the diamond. The method of 
obtaining such diagrams, and their interpretation, are given in a preceding 

* Thia value w deduced from the pOHitions of the apectra of the rhodium rays in the 
(100) planes of rock-salt on the assumption that the structure of rock-salt is as recently 
described (see preceding pax>er). 
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paper.* The two peaks marked Ki» n constitute the first order spectrum of 
the rhodium rays, and the angles at which they occur are of importance in 
what follows. It is also a material point that there is no second onler 
spectrum. The third is shown at Ba, 9 * 3 ; the strong line of the fourth order 
is at B 4 , and of the fifth at B^. 

The first deduction to be made is to be derived from the quantitative 
measurements of the angle of reflection. The sines of the glancing angles 



for Bi, Bs, B 4 , Bft are (after very slight correction for errors of setting) 0*1456, 
0*4425, 0*5941, 0*7449. dividing these by 1, 3, 4, 5 respectively, we obtain 
0*1456, 0*1475, 0*1485, 0*1490. These ai*e not exactly equal, as they might 
he expected to be, but increase for the larger angles and tend to a maximum. 
The effect is due to reasons of geometry arising from the relatively higli 
transparency of the diamond for X-rays, and the consequent indefinitenesa of 
the point at whicli reflection takes place. The true value is the maximum 
to which the series tends, and may with sufficient accuracy be taken as 
0*149.5. In order to keep the main argument clear, the consideration of this 
point is omitted. 

We can now find the distance between successive (111) planes. 

We have 

X = sin e, 0*607 x lO"® = 2d x 0*1495, d = 2*03 x lO*®. 

The structure of the cubic crystals which have so far been investigated by 
* ‘ Boy. Soc. Proc.,* voL 88, p. 428. 
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these methods may be considered as derived from the face^jentred lattioe 
(fig. 3): that is to say, the centres which are effective in causing the 
reflection of the X-rays are placed one at each comer and one in the middle 
of each face of tite cubical element of volume. This amounts to assigning 
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four molecules to each such cube, for in general one atom in each molecule is 
BO much more effective than the rest that its placing determines the structure 
from our point of view. There are four, because the eight atoms at the 
comers of the cube only count as one, each of them belonging equally to 
eight oubeai, and the six atoms in the centres of the faces only count as three, 
each of them belonging equally to two cubes. The characteristics of the 
reflection are then as follows : — 

Let ABCDEFOH be the cubical element. There are effective centres at 
all the comers and at L, M, N, P, Q, B, the middle points of the faces. The 
edge of the cube being denoted by 2a, the reflecting planes which are parallel 
to a cube face, called generally the (100) planes, are spaced regularly, the 
distance from plane to plane being a. All the planes contain equal numbers 
of centres. 

The (110) planes, of which the plane through ACGE is a type, am 
regularly spaced at a distance a/y^2, and also are all equally strewn with 
effective centres. 

The (111) planes, of which the planes through EDB, HCF are t3rpes, are 
regularly spaced at a distance 2a/y^d, and again are all similar to each other. 

In what may for the present be called the normal case, any one of these 
sets of planes gives a series of spectra which diminish rapidly in intensity as 
we proceed from lower to higher orders, as, for example, the spectra of the 
rhodium rays given by the (100) planes of rock-salt. (Fig. 1 shows the 
spectra of the first two orders.) 
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The relative spacings of the spectra given by these three sets of planes are 
shown in fig. 4. Spectra of the (100) planes being supposed to occur at 
values of sin B proportional to 1, 2, 3, it follows from the above argument 
that the (110) planes will give spectra at 1*414, 2*828, 4*242, and the 
(111) planes at 0*866, 1*732. 2-598 .... 

The position of the first spectrum of the (111) planes (fig. 4) is a peculiarity 
of the face-centred lattice. If the effective centres were at the corners only 
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Fio. 4.— Spectra of face-centred lattice. 

of a cube whose length of side was a, the spacings of the three sets of planes 
would be a, aly/2, and afjfZ, and the three sets of spectra would occur 
at 1, 2, 3 { •^2, 2\/2, 3^/2 i \/3, 2^/3, 3^/3. 

The cubical crystals which we have so far examined give results which 
resemble the diagram of fig. 4 more or less closely. Individual cases depart 
so little from the type of the diagram that the face-centred lattice may be 
taken as the basis of their structure and the departures considered to reveal 
their separate divergencies from the standard. For convenience of descrip- 
tion we will speak of the first, second, third spectra of the (100) or (111) 
planes and so on, with reference to fig. 4. We may then, for example, 
describe- the peculiarity of the rock-salt (111) spectrum* by saying that the 
first order spectrum is weak and the second strong. The interpretation 
(toe. cit.) is that the sodium atoms are to be put at the centres of the edges 
of the cubic element of volume, and the chlorine atoms at the corners and 
in the middle of each face or vice versd : for then the face-centred lattice 
(cube edge 2a) is brought half way to being the simple cubic lattice (edge a) 
having an effective centre at every comer. The first (111) spectrum tends 
to disappear, the second to increase in importance. In the case of potassium 
chloride, the atoms are all of equal we^ht and tiie change is complete : the 
first order spectrum of the (111) planes disappears entirely. In zincblende 
or iron pyrites one atom is so much more effective than the other that the 
diagram of spectra is much more nearly characteristic of the face-centred 

* See preceding paper. 
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lattice : at least so far as r^rds tiie spectra of the lower orders. We hope 
to deal with these cases later. 

Let us now consider the case of the diamond. The spectrum given by 
the (111) planes is shown in some detail in fig. 2. It should be stated that 
the ordinates represent the gross currents observed; nothing has been 
subtracted for natural leak, scattered radiation, and so forth. 

We first use the angular measurements to enable us to determine the 
number of carbon atoms in the elementary cube of side 2a. Let us assume 
provisionally that there are four carbon atoms to each cube, making the 
face-centred lattice. The density of the diamond is 3*51, and the weight of 
each atom is 12 times the weight of each hydrogen atom or 12 x 1*64 x 10~**. 

The volume of the cube is therefore 

= 22*4 X 10-»« 

The length of each edge (i.e. 2 a) will then be 

y(22*4 X 10-") = 2*82 x lO"*. 

The distance between consecutive (111) jdanes 

= 2a/v/3==l*63xl0-« 

Now we have found experimentally that the right value is 2-03 x 10*“®. 
These two numbers are very nearly in the ratio of 1 : ^2. It is clear that 
we must put eight, not four, carbon atoms in the elementary cube ; we then 
obtain 2fx/^3 =s 2*06 x lO**®, and this close agreement with the experimental 
value suggests that we are proceeding in the right way. The value of 2 a 
is 3-56 X 10-® 

We have therefore four carbon atoms which we are to- assign to the 
elementary cube in such a way that we do not interfere with the characteristics 
of the face-centred lattice. 

It is here that the absence of the second order spectrum gives us help. 
The interpretation of this phenomenon is that in addition to the planes 
spaced at a distance apart 2*03 x 10~® there are other like plaices dividing 
the distances between the first set in the ratio 1 : 3. In 
fact there must be parallel and similar planes as in 
fig. 5, 80 spaced that AA' s A'B/3, and so on. For if 
waves fall at a glancing angle 0 on the system ABC, and 
are reflected in a second order spectrum we have 
The planes A'B'C' reflect an exactly similar radiation 
which is just out of step with the first, for the difference of phase of waves 
reflected from A and B is 2 and therefore the difference of phase of waves 
reflected from A and A' is X/2. Consequently the four atoms which we have 
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at our diaposal are to make new (111) planes parallel to the old and related 
to them as A'B'O' are to ABC. When we consider where they are to go we 
are helped by the fact that being four in number they should go to places 
which are to be found in the cubes in multiples of four. The simplest plan 
is to put them in the centres of four of the eight smaller cubes into which 
the main cube can be divided. We then find that this gives the right spacing 
because the perpendicular from each such centre on the two (111) planes 
which lie on either side of it are respectively a/2v^3 and ^(a v/3), where a is 
the length of the side of one of the eight smaller cubes. For symmetry it is 
necessary to place them at four centres of smaller cubes which touch each 
other along edges only : e.g. of cubes which lie in the A, C, H and F corners 
of the large cube. If this is done in the same way for all cubes like the 
one taken as unit it may be seen on examination that we arrive at a 
disposition of atoms which has the following characteristics : — 

(1) They are arranged similarly in parallel planes spaced alternately at 

distances and ay/3/2, or in the case of the diamond 0*508 x 10“" and 

1*522 X 10~' cm. : the sum of these being the distance 2*03 x 10"^ which we 
have already arrived at. 

(2) The density has the right value. 

(3) There is no second order spectrum in the reflection from (111) planes. 

It is not very easy to pictura these dispositions in space. But we liave 
come to a point whore wo may readjust our methods of defining the positions 
of the atoms as wo have now placed them, and arrive at a very simple result 
indeed. Every carbon atom, as may be seen from fig. 5, has four neighbours 
at distances from it equal to ay/3/2 = 1*522 x 10~* cm., oriented with 
respect to it in directions which are parallel to the four diagonals of the 
cube. For instance, the atom at the centre of the small cube Abedefgh, 
fig. 6, is related in this way to the four atoms which lie at corners of that 
cube (A, e,f, h), the atom at the centre of the face ABFE is related in the 
same way to the atoms at the centres (P, Q, B, S) of four small cubes, and 
so on for every other atom. We may take away all the structure of cubes 
and rectangular axes, and leave only a design into which no elements enter 
but one length and four directions equally inclined to each other. The 
oharaoteristios of the design may be realised from a consideration of the 
accompanying photographs (figs. 7 and 8) of a model, taken from different 
points of view. The very simplicity of the result suggests that we have come 
to a right conclusion. 

The appearance of the model when viewed at right angles to a cube 
diagonal is shown in fig. 7. The (111) planes are seen on edge, and the 
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Fio. 7.— View perpendicular to a (111) axis. 


Fio. 8.— The (110) planes are vertical and 
horixontal. 
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1 : 3 spacing is obvious. The union of every carbon atom to fonr nei^bours 
in a perfectly symmetrical way might be expected in view of the persistent 
tetravalenoy of carbon. The linking of six carbon atoms into a ring is also 
an obvious feature of the structure. But it would not be right to lay much 
stress on these facts at present, since other crystals which do not contain 
carbon atoms possess, apparently, a similar structure. 

We may now proceed to test the result which we have reached by 
examining the spectra reflected by the other sets of planes. One of the 
diamonds which we used consisted of a slip which had cleavage planes as 
surfaces ; its surface was about 5 mm. each way and its thickness 0'8 mm. 
By means of a Laue photograph, to be described later, it was possible to 
determine the orientation of its axes and so to mount it in the X-ray 
spectrometer as to give reflection from the (110) or the (100) planes as 
desired. 

As regards the former there should be no special features, for the four 
carbon atoms which we placed at the centres of four of the eight smaller 
cubes ell now lie in (110) planes. The latter are equally spaced and all 
alike, the space distance being al^2 or 1'25 x 10~‘. The first glancing angle 

at which reflection occurs is, therefore, sin"^ „ 14-16®. The 

experimental value was 14*36°. The spectra of higher orders occurred at 
29*3° and 47*2°. The sines of th^ three angles are 0*2478, 0*4894, and 
0*7325, or nearly as 1:2:3. Great precision was not attempted ; to attain 
it would have been needlessly troublesome. The intensity of the different 
orders fell off in the usual way. 

On the other hand, the (100) spectrum might bo expected to show certain 
peculiarities. By placing four atoms at the centres of the four small cubes 
we have, in fact, interleaved the 100 planes, as it were: and these now 
consist of similar planes regularly spaced at a distance a/2 or 0*885 x 10~*. 

0*60*7 X 10”® 

The first spectrum should therefore occur at an angle sin'^ 'p 77x l6~* 

ae sin~^ 0*343 =s 20*0. Using the language already explained, we may say 
that the first (100) spectrum has disappeared, and, indeed, all the spectra of 
odd order. Spectra were actually found at 20*3° and 43*8° : the sines of these 
angles being 0*3469 and 0*6921, the latter being naturally much lees 
intense than the former. A careful search in the neighbourhood of 10° 
showed that there was no refiection at all at that angle. 

The results for all three spectra ore shown diagrammatically in fig. 9, 
which should be compared with fig. 4. 

It is instructive to compare the reflection effects of the diamond with those 
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of zincblende. Our resolta Boem to show that it is built up in exactly the 
same way, except that the (111) planes contain alternately zinc atoms only 
and sulphur atoms only. If the zinc atoms are placed at each comer of the 
cube and at the centre of each face, the sulphur atoms lie at four of the eight 
centres of the smaller cubes. The (100) planes, like the (111) planes, contain 
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Fio. 0. — Spectra of diamond. 

alternately zinc and sulphur atoma These alternations of constitution 
modify the forms of the various spectra, so that they lie between the forms 
of the space-oentred lattice (fig. 4) and the forms of the diamond (fig. 9). 
The first (100) spectrum is not entirely absent but is much smaller than the 
second, and in the same way the second (111) spectrum, though it is to bo 
seen, is smaller even than the third. The scheme of the zincblende spectra 
is shown in fig. 10. Their actual positions agree perfectly with those which 


( 100 ) 
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( 111 ) 


can be calculated from a knowledge of the density of the crystal, the weight 
of the ZnS molecule, and the wave-lengths employed. In consequence of the 
alternation of zinc and sulphur planes at unequal spooings along the (111) 
axis, the crystal ceases to be symmetrical about a plane perpendicular to that 
axis. It becomes hemibedral, and acquires polarity. 

We now go on to consider the Laue photograph of the diamond. A 
photograph taken with a section of diamond out parallel to the cleavage 
plane (111) is shown in fig. 11. The experimental arrangement was similar 
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Fiq. 10. — Spectra of zincblende. 
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to the original arrangement of Lane, the distance from diamond to photo- 
graphic plate being 1'80 cm., and the time of exposure four hours. A test 
photograph was taken first, which made it possible to calculate the exact 
orientation to he given to the diamond in order that the incident X-rays 
might he truly parallel to a trigonal axis. The symmetry of fig. 11 shows 


Fio. 11. 

that a close approximation to this orientation has been obtained. The X-ray 
bulb h^ a platinum anticathode. 

In fig. 12 is given the stereographic projection of this ^rnttem.* The spots 
of the photograph are represented in the diagram by dots of corresponding 
mi^itude, and several circles, each passing through the spots refiected by 
the planes of one zone, are drawn. The indices placed next the spots are the 
Millerian indices of the planes which reflect these spots, the planes being 
referred to three equal axes making 60° with each other as in the case of the 
examples zincblende and fluorspar given iu the above paper. Imagining a 


* See preceding paper. 
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cube with one comer at the diamond and the long diagonal of the cube 
parallel to the incident X-rays, the three cube edges would meet the photo- 
graphic plate at the points marked X, Y, Z. The spot (110) is thus reflected 
in the cube face, meeting the plate along XY, (110) being the indices of 
a cube face referred to the axes employed. 

It will now be shown that on analysis the photograph appears to be in 
accordance with the structure which we hare assigned to the diamond on the 
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result of the I'eflection experiments. In the first place, of the tliree cubic 
space lattices it is evidently that which has points at cube comers and at the 
centres of the cube faces which is most characteristic of the diCBraoting^tem. 
For our purpose this space lattice is most conveniently referred to three axes 
which are diagonals of the cube faces meeting in a comer. The co-ordinates 
of any point of the system may then be written 

pc, jc, re, 

where p, r are any integers, positive or negative, and e is half the diagonal 
of the square of edge 2a. 
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The indioea of the reflecting plane are given for each spot of the photo- 
graph, and it will be Been that they could not possibly have a more simple 
form. If referred to the cubic axes they become much more complex. Along 
the axes chosen, the interval between successive points of the lattice is the 
smallest possible, and these axes are very important point-rows of the 
system. The remarkable series of spots lying on the three circles in the 
diagram which culminate at the points (110), (101), (Oil), are due to planes 
which pass through these point-rows, and this alone is good evidence of the 
paramount importance of the cube face diagonals as axes. 

It is thus clear that a simple analysis of the pattern can be made if the 
planes are referred to axes of the face-centred cubic lattice. It is also 
evident, however, that the pattern is more complex than it should be if due 
to a set of identical points arranged in this lattice, of which examples have 
been given in a former paper. For instance, there are spots reflected by the 
planes (111), (131), (141), and (221), (021), and yet none by the plane (121) 
(see diagram, fig. 12). In the case of zincblende and fluorspar no complications 
of this kind occur, although in these cases the presence of the lighter atoms 
of sulphur and fluorine must affect somewhat the diffraction pattern ^ven by 
the lattice arrangement of heavy atoms of zinc and calcium. Yet here, where 
carbon atoms alone are present, the pattern is not as straightforward as those 
given by zincblende and fluorspar. We thus come to the conclusion that the 
carbon atoms are not arranged on a single space lattice. 

If the structure assigned to diamond in the former part of this paper is 
correct, a simple explanation of the diffraction pattern can be arrived at. 
According to this structure the carbon atoms are not arranged on a space 
lattice, but they may be regarded as situated at the points of two inter- 
penetrating face-centred space lattices. These lattices are so situated in 
relation to each other that, calling them A and B, each point of lattice B is 
surrounded symmetrically by four points of lattice A, arranged tetrahedron- 
wise and vice vend. This can be seen by reference to the diagram of fig. 6. 

It is now clear why the pattern must be referred to the axes of the face- 
centred lattice, for if the structure is to be regarded as built up of points 
arranged on the simple cubic lattice, with three equal axes at right angles, 
no fewer than eight interpenetrating lattices must be used to give all the 
points. 

Consider lattice A referred to the cube face diagonals as axes. Then all 
the points of that lattice have indices 

pc. qe, re, 

p, q, r being any integera The rdative position of lattice B is arrived at if 
we imagine lattice A to sufihr a translation along the trigonal axis which is 
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the long diagonal both of the elementary parallelepiped and of the cube, the 
amount of this translation being one-fourth of the long diagonal Reference 
to one of the diagrams will make this more clear than any explanation which 
could be given here. The points of lattice B then have co-ordinates 

(P+DOf (j+i)'*. (r+i)c. 

The planes of lattice A which have Millerian indices (Imn) are given by 

bt+m^+ng =s l*c, 

where P is any integer. The corresponding planes of lattice B are given by 
f(a:— Jc)+m(y-ic)+*(n— ic) = Qc, 

or fa -b wty -b wa as -f j e. 

When the (Imn) planes of both lattices are considered together, three 
cases present themselves : — 

(1) When f+m+n is a multiple of four, the planes of lattice B are 
coincident with those of lattice A, both being given by 

Ix+my+nz s= (integer xr). 

An example of this is found in the plane (110) or (130). 

(2) When l+m+n is a multiple of two but not of four, the planes of 
lattice A ore given by 

Ix+my+nz as Pc. 

Those of lattice B are given by 

Ix+my+nz sa (P-b J)c, 

and are thus half-way between the planes of lattice A. 

Examples. — Planes such as (110) and (121). 

(3) When f+m+n is odd, the equations of the two sets of planes are 

Ix+my+nz s= Pc, 

and lx+ my+nx = (P + \e) , 

or fa+«iy-b«* =s (P— i)c, 

and the planes occur in pairs, in such a way that the two planes of a pair are 
separated by one-fourth of the distance between the successive pairs. 
Examples. — Octahedron faces (100), (010), (001), and (111). 

It is now clear wherein lies the difference between planes (111) and (131), on 
the one hand, and (121) on the other. The (12l) planes of the one lattice alone 
would probably give a strong reflection of a part of the X-ray spectrum in 
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which there was a large amount of energy, but the presence half-way between 
them of the planes of the other lattice (1-1-2— 1 ss 2) annuls their effect. 
On the other hand, though the (131) and (111) planes now occur in pairs, the 
wave-length reflected from them is the same as that for a single lattice. On 
looking over the indices of the reflecting planes, it will be seen how large a 
proportion of them have l+m+n either odd or a multiple of four; in fact, 
the departure of the pattern from simplicity is just that which would be 
expected from the nature of the point system, which differentiates the planes 
into these three sets. 

A more complete analysis of the pattern would be of little interest here 
because the positions of the reflection peaks afford a much simpler method of 
analysing the structure. In comparison with the examples given in the 
former pa})er, this is a case where the diffraction is caused by a point system 
as against a space lattice, both a translation and a rotation being necessary 
to bring the system into self-coincidence. This gives s^^ecial interest to the 
photograph. 

We have to thank both Prof. S. P. Tliomjmon, F.R.S., and Dr. Hutchinson, 
of the Mineralogical Laboratory, Cambridge, for then kindness in lending ns 
diamonds which were used in these experiments. 
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Morphological Studies in the Benzene Series. IV . — The Crys- 

talline Form of Sulphonates in Rdaticn to their Molecular 
Structure. 

By E. H. Kodd, B.Sc., Salters' Company's Besearch Fellow, City and 

Quilds College. 

(Communicated by Prot H. E. Armstrong, F.B.S. Beceived July 3, 1913.) 

In Part III of these studies, in which a number of isomorphous paradi* 
bromobenmiesulphonates of the rare earth metals (La, Ce, Nd, Pr, Gd, Sm) 
are described crystallographically,* the conclusion was arrived at that in 
these salts three of the benzenesulphonic groui®, together with 9 or 12 mole- 
cules of water, are disposed symmetrically in a plane around a central atom 
of the tervalent metal. Molecular units presumably of this kind are packed 
together in a structure one dimension of which corresponds to the thickness 
of a single benzene complex observed in numerous substituted benzene 
derivatives, such as diiodobenzene, for example ; as was pointed out, the salts 
under consideration may be regarded, in fact, as derived from benzene merely 
by the pushing apart of the zigzag columns of carbon domains, depicted by 
Barlow and Pope as characteristic of the hydrocarbon, in such manner as to 
allow of the introduction of the substituting groups present in the sulphonate 
in addition to benzene. 

In view of this result, it was desirable to determine the crystalline structure 
of the acid from which the salts were derived as well as of salts containing 
metals of other degrees of valency. Numerous unsuccessful attempts were 
made to obtain measurable crystals of the paradibromo-acid ^ ultimately, good 
crystals were secured of the corresponding dichloro-acid and of its lanthanum, 
neodymium and praseodymium salts. 

The measurements made of these salts, together with those of several 
related salts, are described in the following section ; the issues are diomi a iy.^ 
under the headings : — 

(1) The isomorphism of the dichloro- and dibromobenzenesulphonates. 

(2) The morphotropic relationship of dibromobenzenesulphonates to the 
unsubstituted salts. 

(8) The relationship of the two gadolinium j)-dibromobenzenesulphonates 

* ‘'FaradibromolMiiiseDesulphonates(lK>moridiona) of the ‘Bare Earth’ £lementa-a 
Means of DetermiDiog the Directions of Valency in Tervalent Elements,” by H, E. 
Armstrong and E, H. Bodd, ‘ Boy. Soc. Ptoc.,' ISIS, A, voL 87, p. SOA 
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(7HaO and 12H|0) with raferenoe to the change of strnoture induced by 
changes in the degree of hydration. 

LaiUhanum p-dieMwcibengeneaulfhonaU, La(0«HiiClsS0g)s.l5Ha0. — ^This 
hydrate is deposited at all temperatures between 10° and 50° C. from a 
solution of the salt. It consists of anorthic prisms or tables which effloresce 
quickly on exposure to air. The forms a{100},(f{101} and c{001} constitute 
the prism faces, the other forms developed being <{010}, p{011} and 
occasionally {{111}. The crystal faces are never very well developed, and 
usually give multiple reflections. There is a distinct cleavage parallel to a{100}. 

Water : Found 25‘26 ; calculated 24*84 per cent. 

System: Anorthic. 

Axial ratios : a:b:e =: 1*6193 *. 1 : 1*6028. 

« = 76° 26' ; /9 = 113° 48' ; 7 = 68° 6'. 


Angle. 

No. of 
obaerrations. 

LimitB. 

Mean 

obeerred. 

Calculated. 

100:101 

16 

68** 

12'— 64’ 

r 

68“ 

44' 


101:001 

la 

66 

28—57 

14 

66 

40 

66“ 47' 

001 i loo 

20 

69 

1—70 

0 

60 

29 

— 

100:010 

14 

71 

24—72 

21 

71 

46 


010 1 no 

7 

87 

47—88 

22 

88 

6 


no ; loo 

7 

69 

87—70 

28 

70 

8 

70 8 

001:010 

7 

84 

5—84 

82 

84 

14 

84 18 

OlOiOOl 

7 

96 

42—06 

2 

06 

40 

06 42 

101:010 

6 

68 

80—68 

43 

68 

86 


010:111 

1 




48 

6 

48 8 

ni:ioi 

1 


■ 


68 

19 

68 21 

001 : no 

2 

70 

41—70 

66 

70 

49 

70 69 

nO:TOl 

a 

86 

20—86 

48 

86 

84 

86 80 

101:001 

2 

72 

20—72 

40 

72 

84 

72 22 

j 


Neodymium p~diMor<dznzeiMmlphcnate, Nd(G«HgCliSOH)3.12HgO. — This 
hydrate is deposited when an aqueous solution of the salt is allowed to 
crystallise at any temperature between the ordinary and 50° C. It forms 
rose-coloured, short, thick or flat prisms, the prism zone consisting of the 
forms f{010}, m{110} and »{120}; the faces upon this zone are always 
much striated and give multiple reflections. The facets at the ends of the 
prism, consisting of the forms r{011} and o{101), are beautifully developed 
and give good single images (see fig. 1). 

The crystals are closely isomorpbous with those of the gadolinium salt, 
Qd(CcHtBraS03)8.12Ha0 ; but the two salts differ slightly, thus : 

(1) whilst the gadolinium salt has a tabular habit, the neodymium salt is 
prismatic, being elongated in the direction of the e axis ; 

(2) the form {120} is occasionally developed in the neodymium salt but 
not in the gadolinium salt, in which the form {130} is sometimes present 
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Water: Found 21'00 ; calculated 20*89 per cent. 

System : MonoHyiumetric. 

Axial ratios : a : & : c = 0 5872 : 1 : 0*3810. 76° 34'. 


Angle. 

No. of 

obiterralions. 

Limits* 

Mean 

obserTod. 

Calculated. 

010:011 

15 

eo* 84'— 60" 46' 

09’ 40' 

_ 

011:011 

7 

40 87 —40 47 

40 41 

40® 40^ 

010 : lao 

8 1 

40 31—42 27 

41 17 

41 19 

110:011 

U 

08 40-68 60 

68 48^ 

1 

Oil : lOI 

14 

41 0— 41 13 

41 lOk 

41 10} 

lOl : TIO 

14 

60 68 —70 4 

70 1 

I _ 

010:101 

4 

1 

80 66 —90 4 

90 0 

00 0 




ProLseodymvwm. y7-(ftcA/oro&e7t«en«ffu/y?A(ma^c, Pr(C«HsCliiS 03 ) 3 . 12 Ha 0 . — ^This 
hydrate, like that of the corresponding neodymium salt with which it is 
isomorphouB, is deposited at temperatures between 10’’ and 50° C. The 
crystals, which are of a pale green colour, resemble those of the neodymium 
salt in habit but are not so well developed. The zone [010:120:110] is 
invariably badly striated. 

Water: Found 20*71 ; calculated 20*81 per cent. 

System: Monosymmetrio. 

Axial ratios : a : 5 : e a 0*6887 : 1 : 0*3819. /9 a 76° 26'. 
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Angjle. 

No. Of 
obserrations. 

Limito. 

Mean 

obeerred. 

Oaloulated. 

010 : Oil 

St 

WP 24'— 60° 87' 

ar 88' 


011:011 

0 

40 27--40 63 

40 43 

40° 44' 

110:011 

10 

68 24-^68 48 

68 40 


Oil : lOl 

11 

41 8 —41 82 

41 18 



lOl : IIO 

0 

69 48 —70 28 

70 6 

70 7 

010 : lao 

8 

41 1 —41 80 

41 14 

41 9 

120 : 110 

1 

... -- 

19 10 

19 4 

110 : lIO 

3 

69 26 —69 8i 

69 29 

69 34 


Pr(C6HaClflS03)s.l5Ha0. — When a strong, apparently supersaturated 
solution of praseodymium p'dichlorobenzenesulphonate was allowed to 
orystaUise apontaucoualy at room teuiperaturei on two occasions, together 
with the massive crystals of the dodecahydrato, a few smaller crystals were 
obtained in the form of hexagonal plates : when examined these were found 
to be anorthic and closely isomorphous with the salt La(CeHgCl3S0a)3.15H30 
they must be taken, therefore, to contain ISlIgO, although they have not 
been obtained in sufficient quantity for analysis. Like the crystals of the 
corresponding Lanthanum salt, they gradually become opaque when kept. The 
crystals were so poorly develo^icd that a complete examination could not be 
made. A corresponding hydrate of the neodymium salt has not l^een 
observed. When the ciystals are allowed to remain in contact with the 
solution they are gradually converted into the dodecahydrate. 

Ocdolmiuvi p-dihromohenzmeaiUphoyiatef Gd(C6H9BraS08)8-7H30. — This 
hydrate was described in Fart III of these studies but crystals have been 
obtained only recently on which the forms were developed that are necessary 
for the detenninalSon of the axial ratios. These were deposited from water 
at 46*’ 0. The heptahydrate forms very massive monosymmetric prisms ; 
the feu^ are always striated and seldom give good reflections. The forms 
generally occurring are a(100},^{110}, r{120} and Another form 

is required for the complete determination of the^crystal constants ; on a few 
occasions was observed and still more rarely m{122} The crystals 

are elongated in the direction of the e axis. There is a perfect cleavage 
parallel to a{100} (see fig. 2). 

System: Monosymmetric. 

Axial ratios : a ; 6 : c ss 1*2696 : 1 : 0*6031. fi =s 86° 16'. 


2 A 
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Angle. 

No. of 

obeerrsfcioiie. 

Limit*. 

Mew 

obeerred. 

Odouloted. 

100:110 

14 

«!• 17'- «r 68' 

61° 88' 

_ 

110:130 

7 

16 21—17 2 

16 47 

16* 48' 

100:130 

8 

08 IS— 68 41 

68 20 

68 81 

180:120 

4 

48 68 —48 89 

48 15 

43 18 

100 : 101 

14 

88 14 —84 19 

68 49 


101 ! lOl 

6 

60 28 —61 86 

61 11 


lOl : loo 

4 

64 88 —66 18 

64 88 

65 0 

110:101 


74 11—74 88 

74 22 

74 5 

120:101 , 


80 20—80 68 


80 88 

101 : 123 


81 46 —32 6 

81 64 

82 24 

100 • 122 ! 


77 42 —77 46 

77 44 

77 48 


Dviymium henzmesulphaiwie, Di(C 6 H 5 S 03 ) 9 . 9 Ha 0 . — This hydrate has been 
described by Holmberg but not measured.^ It is very soluble in water and 
generally separates from the ac^ueous solution as a crystalline mass ; a few 
measurable crystals were obtained from a mixture of aqueous alcohol and 
ethylic acetate in the form of very thin hexagonal shaped plates. Water was 
estimated in the salt crystallised from this solution : found 20*74 per cent. ; 
calculated for l)i(CaHoS08)8.9HaO, 20*90 per cent. 

The most prominent form on the crystals is a{100} ; other forms developed 
are r{101}, and more rarely Measurable crystals were 

difficult to obtain and were always imperfect The cleavage is parallel to 
a{100} (see fig. 3). 

System : Orthorhombic, Axial ratios : axhic^ 20795 : 1 ; 1*9374. 


Angle, 

No. of 

obeermtioni. 

LimiU. 

Mean 

obeerred. 

1 

CMoiilated. 

100:101 

11 

46° 82'— 47* 80' 

4ir 2' 


101 : loi 

6 

85 14—86 48 

86 61 

86® 66' 

100:111 

7 

66 40 —66 67 

66 62 

— 

111 till 


46 16 —46 24 i 

46 18 

46 16 

100:888 

8 

67 9-67 88 

67 24 

67 20 

101 : 111 

8 

64 26 —64 88 

64 81 

64 48 


The laomorphism of DiMoro- and the 

measurements given above, it is obvious that praseodymium and neodymium 
p-diohlorobenzenesulphonate dodecahydrate are very closely isomorphous 
with gadolinium p-dibromobenzenesulpbonate dodecahydrate. This relation- 
ship is of prime importance as proof that the three metals and the two 
halogens respectively are mutually displaceable in such salts. The following 
values speak for themselves 


* *Zeit anorg. ChenLi* voL 63, p. 83. 
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Salt. 

Aii»l nttioi. 
a i h \ 0 

JB. 

BquiTftleiioe panmeten. 
m \ m 

Nd(0(H,Cn,S^,.12H80 

P^0gH|ClgSO5)g.l2HgO 

0*6962: 1:0 3817 
0-6872! 1:0 *8810 
0*6887:1:0*8819 

48' 
76 84 

76 96 

6 *1416 lie *8886 18*6867 

6 *0621: 10 *87601 a *6862 

6 *0888 110*8608! 2 *6876 


Attention may be specially direoted to the tact that the z parameter has a 
value very closely approximating to the value 2'642 observed in p«diiodo- 
benzene, which is characteristic, according to the Barlow-Fope hypothesis, of 
the rhombohedral marshalling in benzene derivatives generally. 



Fio. 8.— Di(C«H,SO,):^9HA 


MorphUrapie Udationskip of SuhttUuted and Una/uibstituUd Betmne- 
ndphmaUa. — It is to be expected that didymium benzenesulphonate, which 
crystallises with nine molecules of water, would bear a close relationship to 
the corresponding neodymium salt, Nd(C6Hs6rjS08)i.9Ha0. This expects* 
tion is fully realised. The benzenesulphonate is orthorhombic, the axial 
ratios being 

= 20801: 1:1*9874, 

whilst the neodymium 2>*dibromobenzeneBulphonate is also orthorhombic 

= 1*3990: 1:0*8789. 

When the crystals of the two salts are compared, two significant facts are 
notimble : firstly, that the ratio a' xV is almost exactly two-tbirds of a : i ; 
secondly, that angles on one of the corresponding zones of the two crystals 
SM practically identicaL Thus, in the case of the didymium benzene* 
snlphonate, we have 

{100} : {101} - 47° 2', 
and in that of the dibromobenzene snlphonate 

{100} : {301} = 46° 42'. 

If in the benzenesulphonate {101} he changed to {301} and at the same time 

2 A 2 
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the ratio a: & be multiplied by two^thirds, the axial ratios of the salt become 

a :»:esl‘.<t868: 1:0-8611. 

ie. almost identical with those of the neodymium p-dibromobenzene- 
sulphonate. Moreover, the pseudo-trigonal character of the salt is revealed, 
as the ratio c : 6 is very nearly equal to the value 0*866 : 1, characteristic of 
trigonal symmetry.* The equivalence parameters of the benzenesulphonate 
deduced from the actual ratios thus arrived at, in comparison with those of 
the neodymium p-dibromobenzenesulphonate, are as follows : — 

Nd(C«H8Br,S03)3.9H,0 2 6475 : 5*6773 : 9*9796 

Di(C«H8SOa)a.9HaO 2*6502 : 5*7327 : 9*8729 

The close similarity between the structures of the two salts is immediately 
obvious from these figures.*]* 

Relationships Cemseguent on Cha'nges in the Degree of HydTatim> of 
Sulphonates, — The relationship between the dodecahydrates of gadolinium 
^-dibromobenzenesulphonate and the noiiahydrate of dibromobeuzene- 

* Cf Part III, p. 213. 

f In calculating the equivalence parametere of the acid, it is necessary first to modify 
the axial ratios by multiplying a by three-quarters and e by 2. As objection is some- 
times made to this mode of treatment by those who do not clearly appreciate the flexible 
character of axial ratios, it may be as well to refute these objections here. The axial 
ratios of a crystal may be defined as the relative distances from the centre of the crystal 
at which the form which is designated (111) cuts the three axes. In all systems but the 
cubic, the choice of (111) is to a certain extent arbitrary : the lower the symmetry of the 
system, the wider is the range of choice. For instance, in the case of the monosymmetrio 
sodium /Mlichlorobenzenesulphonate described in this paper, there was a wide choice : a 
particular form was chosen as (111) and others then be^me (322) and (122) ; but there 
was no reason why either of these others should not have been made (111) ; if (322) had 
been called (111), the axial ratio a : h would have had two-thirds its present value. 
Moreover, we are at present entirely ignorant of the causes determining what 
particular forma shall develop on the crystal and there ia no a priori reaaoa why these 
should always be the simplest possible forms. In view of these considerations it is not 
therefore surprising that in most cases, when dealing with orthorhombic and mono- 
symmetric crystals, some slight modification of the interpretation originally given to the 
measurements is necessary, in order that morphotropic relationships between different 
sabstanoes may be revealed in the equivalence parameters. 

Without guidance from previous knowledge and a general idea of the relodonship 
sought, it would be impossible to discover the morphotropic relationships pointed out in 
this paper. Fortunately Barlow and Pope have worked out the structure of crystalline 
benzene on incontrovertible evidence and a relationship to benzene is first looked for. 
When this is found, it is generally oocomponied by other significant relationships which 
serve to enhance the probability of the oorrectnesa of the results obtained. This was 
particularly well illustrated in the case of the acid and salt Just discussed, os the veiy 
dose structural relationship of add to salt is apparent only when the x parameters of the 
two agree with the s parameter of rhombohedrol benzene. 
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sulphonate of several other metals was disoaseed in the previous oom- 
munication. The heptahydrate now described is apparently very different 
in form. It crystallises in the monosymmetric system, the axial ratios being 

a:b:e= 1*2596 : 1 : 0*6031 ; = 89° 16'. 

The markedly pseudo-trigonal structure, which was a feature of the 
nona- and dodeca-hydrates, is no longer apparent ; this is to be expected, as 
the number 7, the number of molecules of water contained in the salt, is 
incompatible with three-fold symmetry. 'When the equivalence parameters 
of the salt are calculated, the axial dimension b being doubled, the following 
values are obtained : — 

x-.y:z = 5*7160 : 90768 : 2*7373. 

The X parameter approaches closely that of crystalline benzene, 2*780 ; it 
therefore appears probable that this salt may be derived from the benzene 
structure of hexagonal marshalling (z = 2*780), and not from the alternative 
rhombohedral marshalling (z = 2*64 about), as are the other salts. From 
the general similarity of the parameters of the heptahydrate to those of the 
other hydrates, it is to be inferred, however, that the molecules of all these 
salts have very similar configurations, and differ merely in being derived 
from the two forms of benzene, the difference being due, therefore, only to 
the manner in which the successive layers of molecules arc superimposed one 
upon another. 

The Bdationship in Crystalline Form of f-LuMon^mmtjemdfhonie Add and 
the Sulphonates of Tervalent Metals. 

In view of the conclusions arrived at in the previous sections and in 
Part III of these studies, it appears probable that the crystalline structure 
of the rare earth salts generally of benzenesulphonic acid and its halogen 
derivatives always conforms to one type, the type being one in which three 
sulphonic groups are symmetrically arranged around a central atom of the 
metal In the case of such salts, the arrangement must be largely deter- 
mined by the metal ; in the case of the acid, the attractive tendencies of the 
constituent radicles are chiefly operative: as chemical methods throw but 
little light on such a problem, the study of crystalline form becomes of 
special importance, as a means of determining the directions in which the 
forces act in the formation of solids. 

|^I)teM(>ro5en«ene»idpAonte Add, CsHtCltSOtH.3HsO. — Crystals are best 
grown from a solution containing a little sulphuric acid, which reduces the 
solubility of the sulphonic acid considerably. The crystals are usually 
aggregates of prisms, rarely separate. -The prism zone is made up of the 
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forms ; (010), r {110} and a{100}. the last bmng sometdmeB undeveloped. 
Tlie prism end is formed by the two faces of the*form p{011} (see fig. 4). 



System: Monosymmetrio. 

Axial ratios : a : i : c = 0*6255 : 1 : 0*2918. /8 = 70®.-36'. 


Angle. 

yo.ot 

obsenrationi. 

Limite, 

Mean 

obeerved. 

Calculated. 

■■ 

010 1 no 

25 

ss* IS'— S8* 4ar 

68* 24' 


110:110 

10 

62 47 68 25 

68 18 

68* 12' 

110 : 100 

0 

SI 24— 31 60 

81 86 

31 86 

010:011 

18 

78 48 — 74 10 

78 69 

— 

011:011 

6 

81 40 — 88 10 

88 0 

32 2 

110:011 

5 

78 68-S- 78 7 

78 0 

— 

Oil : IIO 

6 

106 68—107 14 

107 8 

107 0 

110:011 

6 

00 1— 90 SO 

90 17 

00 11 

Oil : lIO 

e 

88 8S— 89 66 

89 48 

80 40 


As the jHlibromobenzenesulphonates of La, Nd and Pr crystallise with 
nine molecules of water — three molecules per acid radicle — they are the salts 
with which the acid can best be compared, as no j>-dichlorobenzenesulphonatea 
e<mtaining this proportion of water are known. 


On contrasting tiie axial ratios 

aha 

La(CaH»BrsSOs)s.9HsO (orthorhomlnc) 1*896^ : 1 : 0*8768 

H(G(HtCl|SO|).8HsO (monosymmetrio) 0*6256 : 1 : 0*2918 
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it is obvious that the ratio «: i of the salt is exactly thrice that of the acid. 
This result is of special importance, inasmuch as each group in the molecule 
of the add is repeated three times in that of the salt, the valencgr volume of 
the latter being therefore three times that of the acid. When the equivalence 
parameters of the acid ate calculated and compared with those of the salt 
the following values are obtained : — 

yf X y z 

H(C6H»01,S0*).3H,0 50 2-6763 : 57050 : 3-3296 

La<C6HsBrsS0s)s.9H«0 150 2-6480 : 5 6885 : 9 9582 

It can be seen that the dimensions of the assemblage are practically 
identical in two directions and that the third dimension is exactly three 
times as great in the salt as in the acid. The significance of the values 
given under x will be obvioiis. 

If as the crystal unit of the acid we take that of three molecules having a 
valency volume equal to that of the salt and calculate the equivalence 
parameter of the acid on this basis, values are obtained which are immediately 
comparable with those of the salt, viz., 

= 2-6763 : 5-7013 : 9-9880. 

In other words it appears to be legitimate to assume that the crystalline 
structure of the add is pseudo-trigonal like that of the salt of a tervalent 
metal— that is to say, that three moleculee of acid act in conjunction. If such 
be the case, the formation of the salt from the acid involves merely the 
displacement of three adjacent hydrogen atoms, each of unit volume, by 
a single atom of metal of three times the volume valency of the hydrogen 
atom. The fact that the symmetry is changed from monoeymmetrio to 
orthorhombic in the passage from acid to salt is proof that the equivalence 
though not absolute is very close; apparently the metal has the effect of 
tendering the arrangement slightly more symmetricaL 

Aiwuining , in the case of the acid, that the molecules are disposed in 
groups of threes, the crystalline form is evidence of an attractive influence 
exerted at the moment of crystallisation, if not in the solution, trhich causes 
the sulphonio radicleB to set radially, so that a mass of the acid (or of the salt 
of a rare earth metal) can be regarded as a mosaic of triangular groups each of 
which has its centre occupied by three sulphonio radicles. 

Further justification of these conclusions is afforded by the following 
argument: The structure assigned by Barlow and Pope to the form of 
benzene in which the crystal units are packed together in rhombohedral 
marshalling is that given in fig. 6. Such a structure has rhombohedral 
qrmmetry, the point 0, around which are grouped three small or h 3 rdrogen 
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BjdwreB, being an unique point of the atmoture fttun whioh emetgeB a 
trigonal axis perpendicular to the plane of ti)e paper. For the present 
purpose it ia sufficient to consider only the three benzene units outlined in 
the figure which are disposed symmetrioally about the point O. If the 
three hydrogen spheres at 0 be removed in order to make room for three 
sulphonio groups, the whole structure is expanded ; if the expansion take 
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place symmetrically, so as to make room for three sulphonio groups together 
with nine molecules of water, the structure would assume the appearance 
shown diagrammatically in fig. 6. This figure is drawn strictly to scale, the 
shaded area representing the space which would be occupied by the acid 
groups and the water assuming that no expansion took place in a direction 
perpendicular to the plane of the paper. The heavily outlined figpire there- 
fore represents the crystal unit of the acid or of a "corresponding” salt. 
It is highly probable that when such units are packed together, they are 
more or leas compressed in one direction or another according to the nature 
of the radicle at O and that the crystal retains trigonal symmetry more or 
less completely according to the influences at work at each centre. Presum- 
ably the complex would assume an approximately triangular shape throuf^ 
compression and its outline would be approximately such as is represent^ 
by the broken line triangle. In constructing the diagram the figure was 
drawn to scale, using the x and y values of benzene in deducing the hydro- 
carbon areas and assigning to the shaded space an area (the valency v<flume 
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divided by the vertical dimenaion of rhombohednil benzene, » « 2*64) corre- 
sponding to the valency volume of the sulphonic groups, the metal and the 
nine molecules of water. In drawing the triangle subaequently, the areas 
cut off were balanced against those included outside the figure. It is very 
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noteworthy that the length AD in the figure thus constructed is practically 
identical with the y value of the acid referred to three molecules ; also that 
the length AF is tliat of the z value. 

The Infiuenee of Monad and Dyad Metals on the Crystalline Structure of 

Densenestilphonates. 

In this section measurements are given of the potassium, sodium and 
zinc salts of j7-dichlorobenzenesulphonio acid. The results are discussed 
together with those obtained by Weibull,* who has measured a large number 
of benzenesulphonates and tolueneparasnlphonates. 

Dotaerium jhdiehloroibenxmesulphonate, C«Hs01aSOsK. — ^This salt was 
described by Lesimplet as crystallising with one molecular proportion of 
water. I find it to be anhydrous. It orystallises from water at tumpera- 
tures from 20^ to 37” C. in thin monosymmetric prisms ; as a general rule, 
each prism consists of two individuals twinned on a{100}. The twin plane 
is a good plane of cleavage! The face a{100} is always badly striated and 
useless for purposes of measurement but the a face obtained by cleavage 

* * Zdt. Krystb. Min..* voL IS, p. 234. 
t * Zsit. Chmn.,’ 1868, p. 826. 
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gives good refleotioiiB. The fornw|>{110} end r{l22} give brilliant refleo- 
tknis ; d{102} is sometimes developed, but usually as a mere line (see fig. 7). 
Potassium : found 14'78 ; calculated, 14*76 per cent. 

System: Monosymmetrio. 

Axial ratios : a:b:e 1‘5064 : 1 : 0*7636. fi ss 83° 27|'. 


Angle. 

No. of 

obeervations. 

Limite. 

Mean 

obaerred. 

Oaloulated. 

no 1 no 

19 

nr ar— nr s*' 

nr 88' 

_ 

no : IlO 

18 

67 S6— 67 B1 

67 88 

67* ar 

100:110 

4 

fl6 18—66 16 

66 14 

66 14 

12E : IlO 

12 

70 46 — 71 9 

70 64 

— 

I10:1H 

8 

109 1—109 18 

100 8 

109 6 

122:122 

0 

71 9—71 20 

71 18 

_ 

100:122 

12 

78 16— 73 48 

78 88 

73 87 

110:122 

6 

60 6— 60 14 

60 0 

60 9 

122 : no 

6 

129 44—180 0 

180 40 

128 61 

100:102 

1 

■ 

60 88 

69 42 




Sodium C«HsClsSOaNa.HsO. — This monohydrate 

was described by Lesimple. 1 have obtained another hydrate which forms 
massive crystals which effloresce with great rapidity in air. 

Measurable crystals of the monohydrate were obtained from aqueous 
solutions at 37° C. It forms massive plates or oblique six-sided tables 
growing upon the form a{l00}. The other forma observed were e{001}, 
/{101},m{l02}, r{110}, p{122}, {{322}. Thereis a perfect cleavage parallel 
to a{100} from which form an optic axis emerges perpendieularly. The 
larger crystala appear from the analytical results to enclose water (see fig. 8), 
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Water : found 7*25 per oent. ; G«H 8 ClaS 0 aNa.H 90 requires 6‘76 per cent. 
Sodium : found* in anhydrous salt 0*21 per cent. ; GleHaCIaSOsNa requires 
9*23 per cent. 

System: Monosymmetric. 

Axial ratios : a\h\a^ 3*0629 : 1 : 1*9683. ss 88^ 46^ 


Angle. 

No. of 

obaervations. 

Limits. 

Mean 

obsecred. 

Calculated. 

100 : 101 

mem 

66* 

22' 

— 66“ 

86' 

66* 

27' 


101:001 


32 

20 

— 82 

82 

32 

26 

89* 

10' 

100:001 


88 

87 

— 88 

66 

88 

60 

SB 

46 

001:100 


01 

2 

— 01 

12 

91 

7 

01 

14 

001:109 


17 

49 

— 18 

2 

17 

65 

17 

64 

109:100 


78 

0 

— 78 

48 

78 

15 

78 

20 

100:122 


80 

64 

— 81 

17 

81 

0 

- 

199 : lOO 

2S 

08 

41 

— 90 

2 

08 

51 

OS 

61 

100:892 

2 

66 

44 

— 66 

1 

66 

624 

66 

64 

992 : 192 

2 

16 

12 

— 15 

16 

16 

14 

16 

16 

192:198 


66 

80 

— 66 

64 

56 

43 

- 

IS8 : 182 


122 

68 

-^123 

27 

128 

17 

128 

17 

101 1 110 


70 

49 

— SO 

10 

SO 

0 

80 

6 

110 1 loi 


00 

40 

—100 


100 

0 

90 

64 

101 : 122 


62 

86 

— 62 


62 

42 

62 

80 

U2iIOl 


117 

12 

—117 

27 

117 

16 

117 

21 

100:110 


71 

42 

— 71 

64 

71 

40 

71 

62 

110 : IlO 

2 

86 

19 

— 86 

27 

36 

28 

36 

16 


Zinc p-dichlorobenamesulplwi^ Zn(0«H3Cl9S08)a.8Ha0. — This salt crystal- 
lises in ^groups of long prisms when a hot solution is allowed to cool or in 
single short prisms when a cold saturated solution is allowed to evaporate. 
The crystals are always slightly distorted* opposite faces not being quite 
parallel. The most prominent form developed is a{100}* the other forms 
on the prism zone being ^{101}* j9{301} ; this zone is striated 

and no angles measured in the zone were used in calculating the axial ratios. 
The faces forming the prism ends were beautifully developed* the forms being 
r{lll}* ^{012}* «{111}. No definite cleavage could be detected (see fig. 9)* 
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Wftter: found 22-42 per cent.; (CaH«ClsS0t)t>Zn.8H|0 require* 21*77 
per cent, 

Zino: found 9*89 per cent.; calculated 9*88 per cent. 

System: Monosymmetrio. 

Axial ratios : a:b:e = 2*9986 : 1 ; 2*4539. J3 » 79^ 20^ 


Angto. 

No. of 

obterraiioiu. 


Limits. 


Maan 

obsenred. 

Calculated. 

101 

111 

16 

60* 

4V— 69“ 

61' 

60* 

47' 

_ 

_ 

101 

111 

7 

60 

20—60 

29 

60 

26 

60* 

M' 

001 

012 

16 

60 

18 

—60 

27 

60 

20 

— 

012 

018 

7 

79 

14 

—79 

28 

79 

19 

79 

20 

001 

111 

12 

66 

30 

—66 

42 

66 

88 

- 

- 

111 

111 

8 

42 

46 

—48 

1 

42 

61 

42 

49 

111 

>001 

7 

71 

23 

—71 

87 

71 

81 

71 

88 

100 

:1]1 

6 

68 

62 

—69 

0 

68 

67 

68 

66 

111 

till 

4 

84 

40 

-84 

44 

84 

42 

84 

44 

111 

lOOl 

4 

76 

19 

—76 

24 

76 

21 

76 

20 

loi 

illl 

2 

64 

6 

—64 

12 

64 

10* 

64 

8 

100 

slOl 

14 

44 

80 

—44 

68 

44 

40 

44 

24 

101 

lOOl 

11 

34 

33 

—84 

62 1 

84 

41 

84 

66 

100 

lOOl 

12 

79 

16 

—79 

29 

79 

28 

79 

20 

001 1 

itOl 

a 


28 

—48 

84 

43 

81 

48 

28 

101 

>901 

1 3 

83 

41 

—S3 

48 

83 

46 

88 

47 

001 

iSOl 

1 12 

77 

14 

—77 

28 

77 

18 

77 

16 

901 

i 

1 

16 

23 

16 

—28 

26 

26 

19 

23 

26 


Magnesium p-dichlorobenzemmlphonate, (C6HsCl3S08)aMg.8H90 . — Vf ell- 
developed crystals of this salt were obtained in the form of fairly stout 
plates or short prisms by allowing an aqueous solution to evaporate slowly 
at 26^ C. The angular measurements of the crystals are almost identical 
with those of the zinc salt. The crystals belong to the hemimorphic class 
of the monosymmetrio system, as they are destitute of a plane of symmetry, 
the two ends of the prisms (which are elongated in the direction of the 
b axis) being differently developed. The form {2l2} invariably appears on 
only one end of the prism, being sometimes so largely developed at that end 
that other forms are almost entirely suppressed. The prisms appear to 
consist of two individuals imperfectly twinned on {010}, and to be expanded 
in a belt around the middle of the prism ; moreover, the faces on opposite 
ends of the prism are never truly parallel. 



807 


Morphological Sivdiea in the, Bmtene Seiies. 


The forms developed are the same as those obtained in the case of the 
zinc salt, together with the hemimorphic form {212}. The habit is slightlj 
different from that of the zinc salt, as a comparison of the two figuros will 
show. The prism zone is badly striated parallel to the 6 axis. No definite 
cleavage was detected (see fig. 10). 

Water : found 22*66 ; calculated 23*23 per cent. 

System .* Monosymmetric hemimorphic. 

Axial ratios : a : 6 ; c = 2*9970 : 1 : 2*4450. jS = 79° 41^'. 


Angle. 

No. of 
obBerrations. 

Limits. 

Mean 

obeerred. 

Calculated. 

101 : 111 

16 

69" 

46'— 60° 

64' 

69" 

49' 



111 1 III 

8 

60 

16—60 

26 

60 

28 

60" 

22' 

111 1 111 

12 

61 

41—52 

19 

51 

67 

- 

100:111 

0 

68 

46—69 

17 

69 

2 

69 

8 

111 till 

16 

84 

81 —84 

48 

84 

43 

- 

111 : 100 

11 

76 

6-76 

84 

76 

14 

76 

14 

001:111 

1 




66 

86 

66 

41 

111:111 

7 

42 

60-48 

6 

48 

67 

42 

56 

111:001 

2 

71 

19—71 

29 

71 

24 

71 

88 

I00;2IZ 

4 

67 

84-67 

62 

67 

47 

67 

48 

8rZ:Ol2 

2 



a 

28 

68 

28 

62 

OlZ 1 100 

2 

88 

12 —88 

22 

83 

17 

88 

85 

001:012 

4 

60 

16—60 

22 

60 

19 

60 

ISi 

212:111 

4 

1 ^8 

2—18 

10 

18 

6 

18 

16 


Tlie values are summarised in the following table : — 


Salt. 


W. 

Axial ratios, 
a : 5 : c. 

9. 

Fractions 

uaed. 

Squivalenoe parameters.* 

« : jr : a. 

100 

8*646 ;1:1*108 

86" 6' 

4«/8 

0*4844 : 8*0618 : 2 *6747 

100 

8*602 ; 1:1*1142 

86 84t 

4p/8 

9 *6640 ( 8 -9448 1 2 *6668 

100 

8*636 :1:1*1O09 

86 88 

ieji 

0 *4040 : 8*0821 1 8 *6884 

100 

8*646 :1:1*128 


40/8 

9 -6160: 8 *9600 { 2 *6881 

100 

8*653 !l:l*114 

86 88 

4o/8 

9 *6547 ! 8 *9257: 2 *6480 

112 

4*020 : 1:1*1081 

88 26 

40/8 

10*709 1 8*9286 : 2-6687 

112 

4 *078 : 1:1*1181 

88 18| 

4«/8 

10 *7882 : 8 *8861: 2 *6464 

118 

4*086 ;ltl*10S6 

88 271 

4«/8 

10*7862:8*0220:2*6608 

108 

8*4680:1 i8*9e86 

wmm 

8a/2,o/2 

0*0770 : 4 *0687 ; 2 *7106 

108 

8*4460:1:8*0070 

70 41| 

8s/8,e/2 

0-9607 : 4 *0668 : 2 *7168 

60 

0*8088:1:1*4605 

90 0 

8s/8,«/2 

6*1080:8*6768:8*6660 

48 

0*8660:1:8*8082 

90 0 

S<S«/4 

S-8886:5*6864:8*6618 

44 

1*4880:1:8*5886 

87 lit 

«/8 

8 *8168 : 4 *7680 : 8 *7867 

48 

1-0688:1 :8*0689 

88 40 

fti/i.«/4 

4*6660:8*40e6:ae668 

88 

0*7686:1:1*6054 

88 87i 

Ss/S,a/2 

4 *0648: 8 *6401: 8 *8846 

60 

0*8018:1:0*6856 

70 86 

9iS8«/4 

8*8886 : 6*7060 : 8*8788 

160 

0*8818:1:0*8868 

70 88 

8«,ae/4 ^ 

0 ■0688:5 *7060: 8 *8788 



i|lCii.6H|0 

|i0a.eHiO 


,Zii.eH/) 

(OyB«OE,.SO,),Mg.6HiO 


:oasoijwi)K 

or 


* Hw oholee of ■jmboli for the partnetert being erbitMiy, the TaluM have been arranged lo m to bring 
tihem into hiiuony and are not alwaja in the order comaponding to the aiial ratioa. 
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A glance at lihe oolnmn of equivalence paiametera shows that, tluronghoat 
the series, with one exception, one parameter has a practically constant 
value, as it varies only between 2*64 and 2*68, the mean value being 2*668. 
This value has been met with in all the salts of teivalent metals previously 
discussed and must be taken to represent the distance between corre- 
sponding points in successive layers of benzene complexes in rhombohedral 
marshalling. The occurrence of this value is proof that in the crystalline 
structure of all the salts considered, as in those of tervalent metals, the 
substituting groups are not intruded hetween the layers of benzene complexes 
but are included within and form part of these layers. 

In view of the conclusion that the crystalline form of p-dichlorohenzene- 
sulphouio acid is similar to that assumed by salts of tervalent metals and 
that its molecules become grouped in triads, it is important to consider 
whether there be any evidence of such an arrangement in the case of the salts 
of monad metals. In only one instance, that of potassiiun p-toluenesulphonate, 
does this appear to be immediately obvious. The axial ratio a : & in this salt is 
0*866 : 1, a value almost identical with the ideal trigonal ratio 0*866 : 1. It 
will be noticed that the parameter values of this salt are very similar to those 
of dichlorobenzenesulphonic acid and that the two compounds have nearly the 
same valency volume. It is further legitimate to assume that as the value 
2*6618 represents the thickness of each layer, the z value (3*2285) is that in 
the direction DO in fig. 6, the y value (6*8835) being that of AD. 

In silver toluene-p-sulphonate one parameter has the value 2*7957, which 
is practically that of the z parameter of the second form of benzene, 2*780. 
It is highly probable, therefore, that the crystal structure of this compound is 
modelled on the hexagonal type of benzene manhalling, not the rhombo- 
bedraL It has been pointed out already that the two modes of arrangement 
differ essentially only in the manner in which successive layers of benzene 
complexes are packed together one upon the other. 

It is conceivable that the trigoiml arrangement prevails also in this salt and 
that it differs merely in being derived from "hexagonal" rather than 
"rhombohedral benzene." Further, it may be regarded as not improbable 
that the remaining salts of the group are similarly constituted, though the 
evidence is of such a character that no definite conclusion is possible at present. 

Though the equivalence parameters of the rhombehedtal type of benzene ate 
not known, they are probably numerically very close to those of p-diiodo- 
benzene. The equivalence parameters of this substance ate 
« : y : z s 3*1402 : 3*6161 : 2*6419. 

When one hydrogen atom is displaced by the sulphonic group, it is to be 
expected that a considerable elongation will be produoetl in one direction in 
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the crystal struotnre, that is to say, in the direction either of the x or of the 
y parameter; it may also be anticipated that the adjustments necessary to 
bring the assemblage into a close-packed condition would involve a certain 
amount of distortion which would affect the dimension of the other parameter. 
The introduction of molecules of water of crystallisation would also produce a 
dimensional change, probably on elongation in the same direction as that 
affected by tlie sulphouic group ; a methyl group in the /^-position might 
be expected to produce an elongation in the same direction. Finally, it is to 
be supposed that one parameter in each of the salts would correspond more 
or less closely with either the x or the y value of rhonibohedral benzene, ix. 
with 3*140 or 3*616 ; tho other should be considerably greater. 

It is noteworthy, therefore, that in the three salts under oonsideration the 
y parameter approaches as closely as can be expected to the y value, 3*616, of 
y>-diiodobenzene, the third parameter being considerably elongated and varying 
according to the nature of the compound. 

Eqoivalenoe parameters. 

Salt X y t 

C,H«CljSO».Na.HjO 4*56.')0 : 3*4965 : 2*6563 

CaHgCljSOfrK 4*0548 : 3*6401:2*6646 

CeH4CH3SO,.NH4 5*1030 : 3*6758 : 2*6666 

As the argument adopted in the previous communication and also in the 
present has been that there is close analogy in structure between j^diiodo- 
benzene and the sulphonates of pseudo-trigonal form, this close correspondence 
between the salts of the monad metals and the diiodo-compound might be 
regarded as an indication tliat these latter salts are also of pseudo-trigonal 
form. If this point of view be accepted, the y values should be trebled and, 
therefore, ate not to be compared with those of the salts of bivalent metals. 

A second possibility, however, is that in some oases the structure of the 
salts of monad metals is similar to that which appears to be charaoteristio of 
those of dyad metals now to be discussed, two atoms of the monad metal 
taking the place of the dyad. Probably such questions as these will be settled 
only by the study of the optical properties of the salts or by the iqjplioation 
of methods such as are now being developed involving the use of X-rays. 

Passing to the salts of bivalent metals, the marked elongatiob of the 
a parameter is the striking fMtoie (see table, p. 307). It is scarcely possible 
to doubt that the influence of the metallic atoms is exercised from a mean 
position between two ** lines ” of benzene molecules which become thrust apart 
by the intrusion of thesulphonio radicles connected in pairs with the metallio 
atoms and the attendant moleoules of water. This mode of arrangement is repre- 
sented in fig. 11, which is drawn to scale in the manner already explained. 
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On contrasting the ponuneter values with the dimensions of the fulUline 
flgnre, which is oonstrocted from the assumed parameter values of rbombo* 
hedral bensene and the valency volume of the salt, it appears that whilst 

slight compression is exennsed in one 
direction (that of x) there is a corresponding 
expansion in the direction at right angles 
to«. 

This alteratiou, which is shown by the 
broken line figure, corresponds to that 
involved in the case of trigonal salts in the 
compression of the insular figure into the 
triangular form. It may be taken to 
represent the erientinginHuence exeroisoil at 
and from the centre of the metallic atom. 

1 ^' It appears to be a noteworthy point that 
whereas in the case of the salts of triad and 
monad metals a perfect cleavage plane exists 
in the plane of the layers of benzene, no 
such cleavage is manifest in salts of the 
dyad metals. On reference to fig. 6, it is 
noticeable that whereas, in the case of the 
triad metallic salts, the three hydrogen 
atoms displaced are in one plane, the two 
atoms displaced by the salts of the dyad metal are in dififerent planes. 

Obviously if the atoms thus displaced were those belonging to dififerent 
benzene molecules in two superposed layers, the benzene layers would be tied 
together and it is not only conceivable but to be expected that in such a case 
there would be no cleavage plane. 

The present inquiry has shown that in selecting for study paiadibromo- 
benzenesulphonio acid and the rare earths a peculiarly fortunate ohoioe was 
made, as attempts to use other adds and other oxides of tervalent metals have 
been attended with but little success. The adds used unsuccessfully include 
yf^iodobenzenesnlphonic, p - bromobenzenesulphonic, 1*3 • dibromobenzene<- 
4-salphonio, l'3^bromobenzene-6-eulphonio, m-nitrobenzenesolphonio and 
m- and p^benzenedisulphonio adds. The salts derived from p-diiodobenzene- 
enlpbomo add are noteworthy on account of their slig^it solubility in water ; 
they crystallise in thin flakes unsuitable for goniometrio measurement. The 
following figures show how much less soluble the salts of the diiodo-add are 
than those of the dibromo-aoid : — 
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. Anhydrous salt dissolved 

Salt. per 100 grm. water at 25*1" C. 

La(C«H3Br3S03)3.9H20 4*52 ^'in. 

lfd(C(|H3Br2S03)3.9ITa0 6*81 „ 

Nd(CBH3laSO3)3-10H20 1-21 „ 

Of the salts of the other acids used, none crystallised well from water, moat 
of them being very soluble ; nor were better results obtained when either 
alcohol or ethylic acetate or mixtures of these with water were used as solvents. 

In the hope of gaining information which w'ouhl bo of service in iletcnniiiing 
the position of the rare earths in the jieriodic scheme of classification, the 
ferric, chromium and aluminium salts of ^^-dibromobenzenesulphonic acid 
were studied ; unfortunately, these all crystallise wdth much water in masses 
of very fine needles and have not been obtained in measurable form. The 
normal ferric salt, a white compound, is stable only in presence of an 
excess of acid ; water readily hydrolyses it into a yellow basic salt, 
Fe(0H)(CflH3BraS03)2.12H20 ; this is further decomposed by water in neutral 
solution and converted into a mom basic salt the composition of which has 
not been determined. 

Although it has not therefore been possible to establish any mor])hotropio 
relationship between the salts of the rare earth metals and those of other 
tervalent metals, yet it is extremely probable that some such relationship does 
exist. In this connexion, it is interesting to note that Hodman* has shown 
that the nitrates of didymium and bismuth are isodimorphous and crystallise 
together. 


The p^Vibromohenzenemliilionatcs of Iron, Chro^niunx and Aluniinium. 

The following is a brief account of these salts, which have not hitherto 
been described. In each case the salt was prepared by dissolving the 
hydroxide of the metal, ]mrified by dialysis, in a solution of the sulphonic acid. 

Fei'rie p-dibroimUmcimidplionate, — Ferric hydroxide dissolves only to a 
limited extent in j 9 -dibromobenzenesu]phonic acid. The solution so obtained 
is dark yellow when hot but colourless when cold; it de^Kysits the 
normal ferric salt in the fonu of a mass of very fine white needles. This 
salt cannot be reciystallised from water, since it is stable only in 
presence of excess of acid. For analysis it was filtered from the solution, 
washed with cold water and dried on a porous plate; on standing, it 
gradually became yellow, owing to loss of water. The ratio of metal to 
acid radicle was determined by dissolving the salt in cold water, precipi- 
tating the iron with ammonia and weighing as Fe203, the amount of 


* vol 31, p. 1237. 
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Ammenioin j7<<libromobenzeneaulphonate left in solution beinjf'tleterniined by 
«vaporating to dryness and weighing. The moan of two determinations gave 

Fe : (CaHsBraSOa) » 1 : 2-986. 

The results obtained for the sample analysed agreed with the formula 
Fe(CaHa 6 raS 03 )a.l 3 Ha 0 but it is doubtful whether this be the true formula. 


Fe (C„HiBrs80j) 

Calculateil 4‘53 per cent. 76'62 ]ier cent. 18*95 jier cent. 

Found 4-65 „ 76-39 „ 19-69 „ 


The salt dissolves i-eadily in alcohol and ether giving yellow solutions. 

Baitie Ferrw p-^ByromobenzenesulpJutnate , — ^When the normal salt is 
dissolved in warm water and the solution is allowed to cool, a basic salt 
separates in tlie form of golden yellow spangles. This salt is itself 
deconi}K)Bed by warm water giving a brick-red coloured pi-ecipitate which 
has not been analysed. The analytical figures for the yellow salt agree 
with the formula Fe(OHX 0 «H 3 Br 3 SO 3 )a.l 2 H|O. 


Fe 11,0 

Calculated 6-05 per cent. 23-50 jicr cent. 

Found 6-06 „ 2392 


Chivmium p-(fibromolenzenesulphonate . — This salt crystallises from aqueous 
solution in masses of fine bluish needles, very soluble in water, giving a 
dichroic solution. It is soluble also in alcohol and ether. The analytical 
results agree with the formula Cr(t-’«HaBrjSOs)3.14HjO. 
llatio Cr : (C 3 H.,Br,SO») = 1 : 2-86. 


Cr (CoH,Br,SOs) H,0 

Calculated 4-21 per cent. 75-62 jier cent. 20’17 i>er cent. 

Foimd 4-42 75 60 „ 19-87 


Aluminium p-dibromobeitxenesulphonate . — ^This salt crystallises in masses 
of fine white needles from aqueous solution. It is easily soluble in water 
and in alcohol and ether. Analytical results agree with the formula 
Al(C6H3BriS03)3,18H30. 

Batio A1 : (CtHsBraSOs) found = 1 : 3-00. 


A1 (C«H,Br,SO,} H/} 

Caloulated 2-09 per cent 72-91 per cent 25-0 per cent 

Found 2-10 „ 73-60 „ 240 „ 


Seamdium p-tHbroniobmaetimUphcntUe . — ^This salt crystallises from aqueous 
solution in colourless, long, thin striated plates belonging to the mono- 
symmetric system. Analysis agrees with the formula Sc(CaH 3 BraSC>s)» 14H|0. 
Water : found 20*30 ; calculated 20'30 per cent 
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0^^t<nui'P^iIn‘omobem^^ — ^The salt was obtained in an attempt 

.to prepare the oobaltic salt by neutralising the acid with oobaltic oxide ; it 
otyatallises in long thin pink needles. Analysis agrees with the formula 
Co^eHsBrsSOaVOHA 

Water : found 18‘96 ; calculated 19*04 per cent. 

Cobalt in anhydrous salt : found 8*57 ; calculated 8*56 per cent. 


Summary. 

The present account is an extension of the previous communication in 
which it was shown that the j^-dibromobenzenesulphonates of several of the 
tervalent rare-earth metals all crystallise in pseudo-trigonal forms. In the 
light of the Barlow-Pope hypothesis these are to be regarded as so constituted 
that the molecules are arranged in layers in a plane at right angles to the 
pseudo-trigonal axis. 

Each such layer appears to be of the thickness attributed to a single layer 
of benzene molecules in crystalline benzene or one of its halogen derivatives. 

In the formation of the sulphonate the benzene structure is opened out to 
admit of the introduction of the sulpbonic radicles, of the metallic atoms 
and of water molecules between the benzene molecules in such manner that 
the trigonal symmetry of the original structure is either preserved or at most 
only slightly modified. 

It is now shown that similar conclusions may be drawn with reference to 
the structure of p-dichlorobenzenesulphonio acid, several salts of which 
isomorphous with p-dibromobenzenesulphonates are described. 

The structure of sulphonates containing monad and dyad metals is also 
discussed. It is argued that in the formation of the latter the molecules of 
benzene in contiguous rows become separated by the intervention of the 
sulphonio radicles (together with water) which are united in pairs by the 
metallic atom. 

The structure of the salts containing monad metals appears in some oases 
to be pseudo-trigonal like that of the acid ; in others to resemble that of 
salts of dyad metals. 

Diagrams to scale are given illustrating the molecular structure of the 
several types of crystal. 

It is proposed to study the optical properties of crystals of salts such as those 
described, in the hope of discovering criteria significant of the several types. 
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The Energy of RSntgen Mays.* 

B 7 B. T. Bkattt, M.A., D.Sc., Emmanuel College, Clerk Maxwell Student of 

the University, Cambridge. 

(Communicated by Prof. Sir J. J. Thomson, F.B.S. Received June 10, — Bead 

June 26, 1913.) 

In this paper an account will bo given of experiments which have been 
made to determine the amount of energy which reappears as Bontgen 
radiation when homogeneous cathode rays of given speed fall upon anti- 
cathodes of different materials. 

The method of attack is modified from that used in a previous research on 
“The Direct Production of Bontgen Radiations by Cathode Partioles.*'f 
Fig. 1 is taken from that paper, and shows how cathode rays of given speed, 
which have been isolated by means of magnetic deflection, strike an anti- 
eathode situated in the tube A. The Bontgen rays so produced pass into an 
ionisation vessel B, and the ionisation due to them is measured by an 
electroscope C. 



Now, in order to absorb the Bdntgeu rays completely, and so measure their 
total energy of ionisation, a long zinc cylinder was made, 160 cm. long and 
10 cm. in diameter. A calculation of the absorption coefficients of various 
substances for Bdntgen rays showed that, if this cylinder were filled with air 
which had been saturated with the vapour of methyl iodide (CStT) at room 
temperature, then total absorption of the Bontgen rays should take place if 

* The expenses of this research have been partly covered by a Government Grant from 
the Boyal Society. 

t Beatty, ‘Boy. Soc. Proo.,’ A, vol. 67. pp. 611-518. 
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the rays were generated by cathode rays whose velocity did not exceed 
8 X 10* cm. per second. 

In the next place, it was thought desirable that the thin window through 
which the Bontgen rays escape from the vacuum chamber into the ionisation 
chamber should be so thin that the absorption of the Bontgen rays by it 
could be neglected. This is an essential pointy because even homogeneous 
cathode rays, on striking an anticathode, become heterogeneous as they 
penetmte into the anticathode, and so givo rise to heterogeneous Bontgen 
rays. We know the absorption coefficients of most of the common elements 
for homogeneous Bontgen rays, but evidently Cannot apply these values to 
the heterogeneous Bontgen rays now under discussion. 

To produce the thin window, a lead plate 1 mm. thick was pierced with a 
number of fine holes, each about 1/30 mm. diameter, the holes all lying 
within a circle of 1‘5 mm. diameter. This was accomplished by placing the 
lead plate on a plate of glass and making the holes with a very fine needle ; 
the lead plate was then covered with aluminium leaf 0‘002 mm. thick, which 
was stuck on with shellac, and in this way a window was produced, which 
would stand a difference of pressure of an atmosphere on the two sides, and 
whose maximum absorption of the rays which were used did not exceed 
1 per cent. 

In fig. 2 the ionisation chamber is shown placed in position. A cone of 
rays has been represented as starting from the illuminated portion of the 
anticathode, passing through the window, and diveiiging along the chamber. 


Cathode Rays 



Obviously, the actual cone of X-rays must lie inside this one if the rays ore 
to be totally absorbed without striking the curved surface of the cylinder. 

The axis of the beam of rays was found by a photographic method, and 
the cylinder correspondingly aligned. The cylinder was then waxed on to 
the end of the vacuum tube, as shown in fig: 2, and air saturated with the 
vapour of methyl iodide was drawn into it. 


2 0 2 
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From fig. 8 it will be seen that, on plotting the ionisation caused by the 
Bdntgen rays against the sixth power of the velocity of the cathode rays, 
straight lines are obtained, until the velocity of the cathode rays exceeds 
8*26 X 10* cm. per second. The abruptness of the change led me to suspect 
that the rays were not totally absorbed when this velocity was exceeded. 
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To test this, the zinc cylinder was replaced by one of brass, which was 
strong enough to be exhausted. Methyl iodide was admitted at almost 
saturation pressure. 

The curves (fig. 4) now become straight lines within the limits of velocities 
used, showing that, as suspected, total absorption had not been obtained with 
the former apparatus. A number of experimental errors have, however, still 
to be discussed, and it will be shown that the real relation is quite different 
from that shown in fig. 4. 

These preliminary results having been obtained, a more detailed investiga* 
tion was now made of possible experimental errors. 

Elimination of Eocperimentcd Errors. 

In tlte first place, the method of avenging a galvanometer deflection over 
the space of a minute is unsatisfactory with such a fluctuating current as is 
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given by a diechaige tube. Frequently, out of ten attempts to tsJce a reading, 
only one is obtained with a sufBeiently steady reading of the galvanometer. 



Fio. 4. 


This unsteadiness of the tube is, indeed, the greatest difAculty met with in 
work of this kind. 

In a previous paper on " The Direct Production of Characteristic Bontgen 
TUdiaMons ” {loe. eit.), a balancing method was used, in which the readings 
depended only on the ratio of two resistances P and Q, the electroscope being 
used as a null instrument One of these resistanoee was composed of a, 
mixture of copper sulphate and glycerine, the other of xylol and absolute 
alcohoL 

It was determined to use a similar method in the present experiment but 
to employ metallic resistances. 
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These reeistanoes will be but briefly described here, u a eomidete deecrip- 
tkm of them will form the subject of a separate paper. They were made by 
depositiiig Aims of platinum in vacuo upon quartz rods until the required 
conductivity was obtained. The necessary metallic connections were sealed 
in the surrounding evacuated glass tube and soldered to the ends of the 
quartz rod. 

The behaviour of these films is a function of their thickness. They are 
quite unstable when the resistance lies between 10* and 10*** ohms; for 
smaller resistances they become more constant, while for reAstances greater 
than 10*** ohms they acquire perfect stability in a few weeks; in the 
resistances of this order which were finally selected for use Ohm’s Law 
was found to be obeyed. 

A platinum resistance of this kind was now used for Q (fig. 2), its resistance 
was 6'57 X 10*** ohms ; a laboratory megohm was used for P. 

In the preliminary experiments, approximate saturation of the ionisation 
current had been obtained with a central rod electrode when the cylinder 
was kept at a potential of 400 volts. To obtain complete saturation more 
drastic methods were now found necessary. A rectangular framework of 
copper gauze, 6 cm. x 3 cm. in cross-section and 1 metre in length, was 
used as electrode, and inside this a gauze strip 3 cm. broad was tightly 
stretched, so that when the outer brass cylinder and the gauze strip were 
kept at 400 volts the potential gradient never fell below 260 volts per 
centimetre anywhere in the region where ionisation took place. Fig. 5 
shows the saturation curve so obtained with different pressures of methyl 
iodide. There was still a possibility that since the tube D (fig. 2) was at a 
potential of 400 volte, it might act as anode to the vacuum tube when 
the discharge was running, and so give a wrong value to the cathode ray 
current. 
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The tube D had been lined inaide with ebellac to obviate such an oconrrenoe 
but it was thought that dieobarge might take place from the aluminium 
window, 1 mm. diameter, which, of course, could not be covered with shellac. 

An earthed ring electrode was accordingly placed at E, so as to prevent 
suoh discharge reaching the lining of the tube A. Then the discharge tube 
was started, using cathode rays of given speed, and the ionisation in the 
long cylinder due to the Kiintgen rays was measured for different voltages 
applied to the cylinder. The cylinder in this experiment contained air at 
a pressure of 10 cm., so that saturation could be obtained at much lower 
voltages than 400 volts. Hence any deviation from the usual form of 
saturation curve was to be attributed to a subsidiary discharge in the 
vacuum tube, due to the air insulation breaking down under the voltage 
applied to the tube D. 

Table I shows the values of the resistance P necessary to balance the 
electroscope when cathode rays of speed from 7 x 10* to 9 x 10* cm./sec. were 
used. P would, in the ordinary way, be proportional to the ionisation in 
the long cylinder per unit cathode ray current, and, if saturation were 
obtained, would be constant, in spite of altering the voltage applied to the 
long cylinder. Now, from fig. 5 we see that saturation actually is attained 
under these conditions. Hence any change in P as the voltage is altered 
would indicate a disturbed value for the cathode ray current, due to a 
subsidiary discharge which might be expected to increase with the voltage 
applied. From Table I we must conclude that no abnormal effect comes in 
till the pressure in the vacuum tube is such that cathode rays of speed 
9 X 10* cm./sec. are produced. 

Table I. 




T+10». 



Voltage on ojlinder. 

V+10»...7. 

7*6. 

8 . 

8*6. 

9. 

20 

27 

87 

61 

78 

400 

20 

27 ! 

37 

61 

76 

360 

20 

27 

37 

61 

76 

300 

20 

27 

37 

61 

70 

200 

20 

27 

87 

61 

70 

100 

20 

27 

87 

61 

60 

50 

20 

27 

87 

61 

68 

20 


Let us now review the progress that has been made in eliminating ei^eri* 
mental errors. We have placed the long cylinder properly in alignment, 
and have shown that the Bdntgen rays cannot strike the curved surface 
of this cylinder and that they are totally absorbed by the gas innde. We 
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have obtained complete eatuiation of the ionisation current, and we have 
dmwn that no subsidiary or false discharge occurs till the speed of the 
cathode rays rises to 9 x 10* cm./sec. 

The method of balancing the electroscope readings requites that the 
platinum resistance Q should keep constant and obey Ohm’s law. Only a 
brief mention of its behaviour has been made in this paper, but in a later 
contribution it will be shown that these conditions were fulfilled in the 
resistances which were selected for use. 

Effixt of Reflected Cathode Rays. 

But there is an additional possibility of error which at first sight appeared 
formidable. When cathode rays strike an anticathode some of them are 
turned back and do not complete their path in the anticathode. Now if a 
considerable amount of the energy (not necessarily the number) of the cathode 
rays is diverted in this way a correction must be made in our results. But 
the whole subject of scattering of cathode rays of speeds ranging from 6 x 10* 
to 10^* cm./seo. has never been studied quantitatively. Measurements have 
only been made for /S-rays,* where in some cases 70 per cent of the incident 
beam has been found to be reflected, and for cathode rays of speeds of 
1000 volts or lessjf where no reflected rays of speed greater than 25 volts 
have been found.^ 

One might, as Sir J. J. Thomson suggested to me, make the anticathode of 
metal leaf in the form of a Faraday cylinder so as to catch all the cathode 
raya Such a cylinder, however, would have subtended so large an angle at 
the window that the emergent cone of rays would have struck the wall of the 
ionisation cylinder before being completely absorbed by the gas inside. 

Evidently the Faraday cylinder most be made extremely small. Now a 
surface of soot or platinum black may be considerad as an aggregate of 
imperfectly formed Faraday cylinders and it might be expected that less 
reflection would be obtained from such surfaces than from the polished 
material 

To test this point the ionisation cylinder and the window were removed and 
a brass tube furnished with two diaphragms and a Faraday cylinder was substi* 
tuted (fig. 6). The number of reflected cathode rays entering this cylinder was 
determined as a fraction of the number of primary rays incident on the 

* Kovarik, ' Phil. Msg.,’ Nov. 191(^ voL 30^ pp. 848-666. 

t Lensrd, ' Ann. d. Iliya,’ 1904, voL 16, p. 486 ; Von Baeysr, * Verb. D. P. 0«a,' 1906, 
vol. 10^ pp. 96, 863 ; Gehrt% ‘Ann. d. Pbya,' Dee. 81, 1811, voL 16, p. 996. 

$ The term " cathode ray of speed of n volts” means an electron whoee speed is that 
which wonld be acquired by foiling through a potential difference of a volta 
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antioathode. Then knowing the solid angle of the cone of reflected rays 
entering the Faraday cylinder we can calculate the percentage of rays reflect^ 
in all directions. 

A small bar magnet was then brought close to the Faraday cylinder so that 
only the faster reflected rays could reach this cylinder. 



Fiu. 6. 

The results are shown in Table II. Column 4 contains the numbers in 
Column 3 expressed as percentages of those in Column 2. 


Table II. 


Badiator. 

Beflooted ra^s a« peroentage of 
incident rays. 

Percentage 

' ■ — 


eBcaping maguetic field. 


Magnet off. 

Magnet on. 


Gmphito 

SO 

ISO 

1 80 0 

Soot .. .. ... . 

46 

a *8 

8 '25 

Platinum 

87 

85*0 

40 '2 

Platinum black .... 

78 

9 0 

i 

12 '8 


It thus appears that soot only reflects about two-fifths of the fast rays 
compared with graphite, while from platinum black the fast rays are only 
30 per cent, of those from polished platinum. Hence these porous materials 
when used as anticathodes should give a closer approximation to tho true 
form of the curve for the energy of the X-rays than should graphite or 
polished platinum. 

The ionisation cylinder was next put in position again and filled with 
methyl iodide vapour. 

For different speeds of cathode rays the ionisation due to the BiSntgen rays 
was determined for four ontioathodes. On comparing the curves it was 
found that the results for platinum and platinum black were identical, as 
also those for graphite and soot. 

This remarkable result shows at once that the refieoted cathode rays must 
carry only a few per cent, of the energy of the incident cathode rays, as 
otherwise the energies of the emitted Bbntgen rays would not be identical 
for tire ontioathodes when polished and when finely subdivided. 
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Ab bo farther souroe of experimental error now appeared probable 
the final at^ was taken of comparing the ioniaation energy of the Rdntgen 
laya from an auticathode with the energy of the cathode raya incident upon 
that antioathode. 


The Final Experimmta. 

Beaulta have been obtained with anticatkodes of rhodium, ailver, and 
aluminium, and preliminary curvea have been obtained for copper. 

Aa the numerical reaulta have been calculated from the curve obtained for 
rhodium a few remarks may be made about the behaviour of this antioathode. 
It is nut easily oxidised, so that one may be sure that the cathode rajrs are 
not absorbed in a film of oxide. Again we can obtain two characteristic 
radiations from rhodium. One is to be expected when the speed of the 
cathode rays exceeds 2‘fixlO' cm./8eo., but it is very easily absorbed 
and carries but little energy. The other is known to occur when the speed 
of the cathode rays exceeds 10*" om./8ec. This speed was not reached 
in the experimenta and so the second characteristic radiation did not appear. 

In fig. 7 are given the relative ionisations due to the Rdntgen rays per 
unit cathode ray when cathode rays of different speeds are used. The 
curves for silver and aluminium are the mean of four sets of readings; 
for rhodium eight sets were taken, while the curve for copper is merely a 
preliminary result. 

It will be seen that when characteristic radiations are not excited the 
energy of the Rdntgen rays is proportional to the fourth power of the velocity 
of the parent cathode rays. 

With copper the same result holds good till the rays exceed a speed of 
6*25 X 10* cm./8ec. ; then the line bends abruptly owing to the presence of the 
characteristic radiation. 

We now proceed to calculate the absolute valuea From fig. 7 we see that 
when Y s 10** cm./seo. the balancing resistuioe P must be 82,400 ohms for 
a rhodium anticathode. Now the resistance Q was 5*57 x 10** ohms. Hence 

Ionisation current due to X-ray pencil __ 82400 , .q-* 

Cathode ray current 5*57 x 10** ** 

The diameter of the thin window ss 0*0392 cm. 

Distance of window from antioathode s 6*94 „ 

Therefore 

Solid angle of X-ray pencil _ w(0*0196)* _ 

4w (6’94y4w * 

Hence if we assume that the X-rays are emitted uniformly in all direetions, 
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Total ioniBation onrrent dae to X-raye ^ 1*48 x 10“* ^ 7*422 x 10~* « 
Cathode ray current * 1*99 x 10"* " 

where /9 bs fraction of speed of light. 

Since the numbers for silver and aluminium are roughly ae the atomic 
weights, and as Kaye* has found the same result to hold for a very large 
number of elements, we may take for a working rule 

X = O-SSA/S*, 

where X ss total ionisation current due to X>rays per unit of cathode ray 
current, 

A ss atomic weight of radiator. 

This will only hold in cases where characteristic radiations are not being 
excited. 

Energy of the X-rays, 

The next step is to find how much energy the X-rays possess relatively to 
the energy of the primary cathode rays. 

Let X be defined as above and let N mean the number of pairs of ions 
which would be produced by the primary cathode raya It is, therefore, also 
the ratio of the ionisation current due to the cathode rays per unit of cathode 
ray current 

Then we shall take the fraction X/K as that fraction of the energy of the 
cathode rays which reappears as X-raya Is this assumption justifiable ? If the 
X>rayB were first transformed into cathode rays, as the case when air is ionised 
according to Wilson’s experiments,! and if no loss of energy accompanied 
such a transformation, then the relative ionisations would really be a 
measure of the relative energies. 

The author, however, has found! that in the ionisation of the vapours and 
gases SeHs, AsHs, Ni(CO)i, direct ionisation is produced in addition to 
the indirect ionisation through the intermediate production of cathode rays. 
Possibly this direct efiTect only happens when the ionised gas has its character* 
istio radiation strongly excited. 

If direct ionisation is also produced in CHsI then relative ionisations are 
not necessarily a measure of relative energies. Nevertheless, a consideration 
of other results leads to the conclusion that the proportionality holds even 
in such cases. Thus Kleemau§ has found that direct ionisation takes place 
with yrays, and yet the relative number of ions produced by ^8-, and 

* Kaye, *PhiL Trans.,’ A, voL 800, pp. 13»-U1. 
f Wilson, * Roy. Soe. Proe.,' 1018, A, vol. 87. 
t Beatty, *Bey. Soe. Froo.,’ 1911, A, voL 86. 

§ Kleemoa, 'Roy. Soe. Proe.,' 190^ A, voL 88. 
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rf-TKje keeps remai'kably oonstant as we pass from one gas to another.* 
Barklaf has found a similar proportionality for cathode rays and X-rays in 
the case of HaS and SOg. Hence we may assume the same proportionality 
in the present experiment. 

No data exist as to the total number of ions produced in OH*! by cathode 
rays. We can, however, calculate the number in air, and for the present 
we shall assume that the same number would be produced in CHgl. 
Glasson^ has found that the number of ions of one sign produced per 
centimetre in air by homogeneous cathode rays varies inversely as the 
energy E of the rays, or 

3N a 


S “E‘ 


( 1 ) 


When E ss ^ mass of electron x (4*7 x 10')*, he found dN/cte 1140 for air 
at N.T.P. Thus a works out as 1*053 x 10"*. 

Whiddington§ has found that the rate of loss of energy of cathode particles 
in passing through sir is given by 

aE_l75xlO->* 

he 


E 

Hence the total number of pairs of ions equals 

rBN: 


( 2 ) 




( 3 ) 


Therefore, eliminating dx between (2) and (3), and putting in the value of a, 

N = 1:053x1^2 _ 2-28 x 10»/3>, 
l*7o x 10"** 

if /9 B equals velocity of cathode rays expressed as a fraction of the velocity 
of light. Hence 

^ X:i»y energy,. = J = 2*54x (4) 

Cathode ray energy N 2*28 x 10* 

For example, if a platinum radiator be excited by cathode rays of speed 
10“ cm./Beo., A = 195, ^ = i, therefore 

i = 6*51xl0-». 

N 

Tills is the energy of the " independent X-rays ”11 ; the characteristic X>rays, 


* Klemnui, ' FhU. Mag.,’ Nov., 1907, p. 631. 

t Barkla, ’Phil Mag.,’ Feb. 1913, vol. 33, pp. 817-333. 

} aiaaaoD, * Phil. Mag.,’ Oot., 1011, voL 38, pp. 647-606. 

§ Whiddiiagton, * Boy, See. ftoc.,’ 1912, A, vol. 86. 

II Beatty, *Boye Soc. Froc.,' 1912, A, vol. 67a 
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whioh will be excited in this example, will increase the total energy 
emitted. 

Prevunu Lvoestigations. 

Wien,* in 1905, investigated the question of the energy carried by X-rays. 
He used an X-ray tube with a platinum anticathode, and employed a constant 
potential difference between cathode and anode of 68,700 volts. He 
measured the energy of the X-rays using both a bolometer and thermopile. 
The bolometer method gave X/N s 0*00109 ; the thermopile gave 0*00136. 
On calculating the values whioh would be given by equation (4). we have 
A = 196, = —0*467. Therefore 

|=12xl0-». (6) 

But the cathode rays in Wien’s experiment were heterogeneous, so that 
the energy of the bundle must have corresponded to a smaller potential than 
58.700 volts. The author has found tliat with such high potentials the main 
stream of cathode rays has a speed corresponding to about two-thirds of the 
potential as given by the spark gap. When the cathode rays are deflected 
to give a magnetic spectrum the band of luminosity on the willemite 
screen is discontinuous, the discontinuities corresponding to the osdllations 
in the discharge at each break of the primary current in the coil. live or 
six such oscillations can usually be recognised by the luminous cathode 
spectrum, the velocity of the rays decreasing with each successive oscillation. 
From a study of the heterogeneous cathode rays, when analysed in this way, 
the author concludes that the number in formula (6) should be divided 
by six to correspond with the conditions of Wien’s e:q9eriment. Then 

1-2x10-. 

This is still higher than Wien’s results, but allowance for absorption of 
the soft rays due to the glass may bring the two values close together. 
Evidently, one cannot correct for the absorption of these soft rays by finding 
the absorption due to a second piece of glass. 

Whiddingtonf found that the energy of the X-rays from a silver anti- 
cathode varied nearly as the fourth power of the speed of the cathode rays. 
He describes the experiment as follows : — 

"The first experiment was to see how the actual primary B5ntgen-ray 
energy (Ep) escaping through W depended on the vdodty v of the cathode 
rays striking the antioathode. To do this, the radiator R was replaced by* 

* Wim, ‘Ana. d. Phya,’ 1905, 18, vol 6, pp. 891-1007. 
t Whiddingt<Mi, *Boy. Soc. Proo^' 1911, A, voL 65, p. SS8. 
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the iouiwtioQ chamber L After correcting the observed values of the 
ionisation currents for the variations of the absorption coefficients of the 
Bdntgen rays with v, it comes out that £p (per unit cathode ray current) is 
nearly proportional to p*," 

In a subsequent paper, a discussion will be given of the results here 
described with regard to their bearing upon theories of the method of 
transference of energy from the cathode ray to the X-ray. 

It gives me great pleasure to acknowledge the kindly attitude which 
Sir J. J. Thomson has continued to assume towards this work. 


The Relation hetiveen the Crystal Symmetry of the Simpler 
Organic Compounds and their Molecular Constitution . — Part II. 

By Walter Wahl, Ph.D. 

(Communicated by Sir James Dewar, F.R.S. Beceived June 19, — Bead 

June 26, 1913.) 

In this paper the experimental results concerning the crystalline properties 
of the unsaturated aliphatic hydrocarbons, the simpler oxygen- and solphur- 
oompounds of carbon, the halogen-compounds, and the simpler aromatic 
hydrocarbons are given. 

Ethylene. — Ethylene, prepared from alcohol and sulphuric acid, was purified 
by liquefying it and distilling it twice. It crystallises very well, large prisms 
being formed. Two distinct cleavage systems occur, one parallel to a prism 
and the other parallel to the basal plane (or an orthodome). The double- 
refraction is of middle strength ; the extinction is in some sections parallel to 
the prismatio cleavage, in others it is not The angle of the optical axes is 
large, and the optical character negative. These optical observations show 
that ethylene crystallises in the monoolinic crystal system. 

Aeetyletee . — Acetylene which had been prepared from calcium carbide was 
purified by passing it through a solution of chromic acid in acetic add, and 
^ subsequently solidifying it by cooling with liquid air. The temperature of 
the solid was then allowed to rise until it began to evaporate, and the 
first and last portions to evaporate were pumped away, the middle portion 
only being collected. These operations were repeated twice. 
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Acetylene cannot be liquefied at ordinary preaauie, but is condensed 
directly in the solid state. If condensed at not too low a temperature, it 
forms small isotropic crystals, which consist of cubes, the comers which are 
cut off 17 the octahedron. On further cooling, a transition ocean, and the 
atnall crystals become strongly double-refracting. This transition takes place 
very readily and is reversible. If the gas is condensed by rapidly cooling the 
crystallisation vessel with liquid air, it is condensed directly into the double- 
refracting modification. This then grows in the shape of small prismatic 
crystals which exhibit a parallel extinction. This secimil form of acetylene 
is therefore tetragonal, hexagonal or rhombic. At certain temperatures both 
modifications are seen to form simultaneously, and the one subsequently 
changes rapidly into the other according as the temperature is above or below 
that of the transition point. 

Carbon Monoaide . — Carbon monoxide was prepared by heating a mixture of 
sodium formate and sulphuric acid and passing the gas through caustic potash 
solution. It was-then purified by condensation and fractionating. 

Carbon monoxide crystallises in the regular crystal system. The manner 
of growth indicates that the prevailing form is that of the rhombic 
dodecahedron. 

Carbon Dweide . — Carbon dioxide has been investigated by liversidge,* who 
found that it crystallises in the regular system. Becently Behnken has 
described an elaborate apparatus which has been used for the investigation of 
carbon dioxide and some other gaseaf According to the observations of 
Behnken carbonic acid is regular. 

When pure, dry carbon dioxide is condensed in the crystallisation vessel by 
cooling with liquid air it condenses in the form of small cubes which are 
quite isotropic. No polymorphic efaan^ was observed above —210**. 

Carbon OxycMaride. — A. bottle containing a 20-per-oent. solution of 
phosgene in toluene (Kahlbaum) was connected with the condensation vessel 
of the apparatus used for fractionating the hydrocarbons and the other gases. 
The whole apparatus was first exhausted and the condensation vessel then 
cooled in liquid air, and the stopcock separating the phosgene solution 
from the condensation vessel was then <^ned. In this way sufficient 
phosgene was gradually pumped out of the solution and condensed in the 
oiystalliaation vessel It was then allowed to boil off and the higher boiling 
part collected over mercury. On investigation in the crystallisation vessel, it 
was, however, found that the entire quantity of the liquefied gas did not 
exystaUise simoltaneously, but that small isotre^io crystals were deposited on 

* A. Livertidge, ‘Gtam. N«ws,' roL 71, pi 108 ; toL 77, pi 810. 
t H. E. Behnkm, ' Fhjs. Bar.,' 1918, vol 35, p. 60. 
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the walla of the crystallisation vessel at a much higher temperature than tliat 
at which the principal port crystalliaed. These crystals apparently belonged 
to carbon dioxide, and the presence of hydrochloric acid gas was, therefore, 
also probable, the two being the products of the action of moisture on 
phosgene. It seems that these admixtures are not sufficiently removed by 
condensation. The gas was, therefore, admitted to a previously evacuated 
glass bulb containing a small quantity of metallic sodium, and allowed to 
remain over this for some time. After this treatment the phosgene was found 
to crystallise homogeneously. 

Phosgene is liquid over a considerable range of temperature. On cooling 
it becomes supercooled, and an unstable modification crj^sUillises, os a rule, 
out of the sui>ercwiled melt. If cooled rapidly, the growth of this modifica- 
tion may be entirely arrested and the remainder of the melt becomes quite 
viscous. If the prejmratiou is allowed to get warmer after the unstable 
modification has been formed a transitiou into the stable form very soon 
takes place. When this again is partially melted, it crystallises readily on 
cooling. The stable modification piissesses a high double-refraction, but 
isotropic sectiotis occur also. It belongs, therefore, either to the tetragonal 
or hexagonal system, but it has not Ijeen possible to determine to which of 
the two, as the cleavage is not very distinct. The optical character of the 
stable modification is positive. The unstable modification poBsesses on 
extremely high double-refraction and shows parallel extinction. It is 
probably orthorhombic. 

Carbon Oxymlphide . — Uarbou oxysulphide was prepared by the action of 
concentrated sulphuric acid on the ally! ether of isosulphocyanic acid. The 
gas was purified by passing it through wash-bottles containing potassiuiii 
hydroxide solution and concentrated sulphuric acid. It was then liquefied, 
and, after a port had l*een allowed to boil off, a fraction was collected for 
investigation. Carbon oxysulphide crystallises in extremely fine needles, 
which grow with great rapidity. The double-refraction of these needles is 
very high and they always extinguish the polarised light in the position 
parallel to the principal sections of the nicols. The needles are thms either 
tetragonal, hex^ual or orthorhombic, but it has not been possible to find 
any experimental evidence from which conclusions might be drawn as to 
which of these ciystal systems the oxysulphide belongs to. No {Tolymorphio 
change has been observed above —200^ 

Cation Bimlphide . — Carbon bisulphide crystallises in vei 7 strongly double* 
refracting needles which belong to the monocliqic or triclinie system.* 

Methyl Chloride . — Methyl chloride was prepared by heating trimethylamine 
* * Boy. Soc. Proc,,* A, vol. 87, p. 379. 
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hydrochloride. The gu was purified by liactionafeing it Methyl chloride 
crystallises from the snpercooled melt in form of a fine grainy mass. If part 
of this is melted and reorystallised, long needles, rapidly growing in several 
directions, are foi ined. They are very strongly double-refracting and show 
parallel extinction. On further cooling a marked cleavage in the longitudinal 
direction of the needles is developed, but no ])olymorphic change has been 
observed at temperatures above — 200**. As needles of parallel extinction 
ate seen which exhibit a different strength of double-refraction they cannot 
belong to the tetragonal or hexi^^nal system, but are either orthorhombic or 
monocliiiic with a very small angle of extinction on the olinojunakoid. 

IHelUormdhane. — Methylene chloride ctystallises well, long prisms being 
fonued which seem to be terminate*! l)y a pair of domal faces. The double- 
refraction is strong and the extinction i^rallel to the prism axis. This 
modification of dichlormethane is orthorhombic. At low temperature it 
changes enantiotropically into a mass of needles of much lower ilouble- 
refraction. 

TridUormetham. — Cliloroform crj'stallisea well. Large crystal fields of 
strong double-refraction are mostly formed, but occasionally isotropic fields 
are develoie*!. In one instance one of these grow with a remarkaldy regular 
hexagonal outline. Chloroform is thus trigonal or hexagonal. No poly- 
morphic change has been noticed above —200°. 

TdraeKlormetham. — Carbon tetrachloride crystallises at —22° in isotropic 
grains, but when the temperature is lowered a transition into a double- 
refraoting mass takes place at —47°.* 

Methyl Br<mide.r*-'Vfhen cooled, methyl bromide, as a rule, becomes strongly 
supercooled, but at a very low temperature crystallisation takes place, the 
resulting product being a fine grainy mass, which shows " aggregate-polarisa- 
tion.” When the preparation is allowed to get wanner gradually, strongly 
double-refracting prisms of another modification grow slowly in the grainy 
mass, and at still higher temperature these change into a third modification 
which also grows in prismatic forms, but is not os strongly double-reftraoting as 
the second modification. Very soon after this transition the crystals melt. 
The second modification has also been obtained directly by crystallisation of 
the supercooled melt The transition between Form I and Form II takes 
place readily in both directions. As stated. Form 111 on heating grows 
quite slowly in Form II, and if the preparation is again cooled when only 
part of III has changed into II, the further growth of II is arrested, 
but it does not change back into III. This is probably due to a very 

* Tbit transitioB bM reoeatly beea dMcribed by V. M, Ooldaefamidt 'Zeitsohr. f, 
Kryatallograpble,' 19U, v«>I. SI, p. S6. 
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small velocity of transition, and to the falling- off of this velocity to almost 
negligible value on lowering the temperature, whereby, at low temperatures, 
a kind of pseudo-equilibrium between the Forms II and III results. 

The modification I, which is stable at the melting-point, crystallises in the 
monoclinio crystal-form, and is sometimes twinned according to the orthodome. 
The extinction angle between the two halves is in maximum only about 
12°, which gives an extinction angle of about 6° on the olinopinakoid. 
Tlie modification II possesses, as already stated, a much stronger double- 
refraction. It is orthorhombic, or, possibly, monoclinic, with a quite small 
extinction angle. Of modification III nothing more definite than that it 
is double-refracting can be said. It has only been observed as a very 
fine grainy mass. Methyl bromide is thus trimorphic. 

IHhrom-meAhane . — Methylene bromide crystallises readily in long prismatic 
needles which belong to the orthorhombic crystal system. At a temperature 
close to —200° a polymorphic transition into another double-refhwting 
modification takes place. 

Bromoform . — Bromoform becomes easily supercooled. At temperatures not 
much below the melting-point the velocity of crystallisation is, however, 
considerable. Remarkably enough, the crystals are simultaneously developed 
and grow in two different crystal directions ; partly as long narrow laths, and 
partly as large crystal fields ; the former possess a very strong double-refraction 
and parallel extinction, the latter are isotropic, but show in convergent l^lht 
the cross of a uniaxial, optically negative crystal. The lath-shaped needles 
are probably crystals which grow in the direction of a lateral crystal axis, 
and are developed with tlie basal plane at right angles to the walls of 
the crystallisation vessel ; the isotropic fields are crystals which grow with 
the basal plane parallel to the walls. Thus bromoform crystallises in thin 
hexagonal tablets. 

When the temperature is lowered, crystal germs of a second strongly 
double-refracting modification are formed in great number inside the first 
modification, but they grow very slowly, and when tlie temperature is 
further lowered they entirely cease to grow. Bromoform exhibits thus a 
cose of pseudo-equilibrium between two crystal modifications at low 
temperature. If the temperature is very suddenly lowered, it is therefore 
easily possible to cool down the first mocMfication to —180° without any 
noticeable amount of the second modification being formed at all. When 
the temperature is then allowed to rise, and the preparation reaches a 
temperature interval in which crystal-nuclei of the second modification ore 
formed and the velocity of transition attains noticeable values, the crystals I 
are transformed into a grainy mass of the form IL When a still hig^r 

2 D 2 
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temperature is reached, Form II agam changes into Form I. which, on 
farther increase of temperature, melts. In consequence of the passing over 
of one transition on rapidly cooling, and the pseudo-stability of Form I 
at low temperature, a change of one form into the other and the reverse 
change can thus take place without the sense in which the temperature is 
changing being reversed. 

Tttrt^nm-metliane. — ^Tetrabrom-methane crystallises in cubic growth- 
structures, which at +46“ change into a monoclinic modification. This 
latter is also obtained directly by crystallisation from ether, petrol-ether, 
and other solvents at room temperature. It has been measured by 
Zirngiebl,* who found that it very closely approaches a regular octahedron, 
although it is monoclinic. 

No further transition has been observed at temperatures above —200“. 

Mdhyl Iodide , — Methyl iodide crystallises in long prismatic needles, some 
showing parallel extinction, and others showing an extinction angle up to 
about 25“ They belong to the monoclinic system. A twinning parallel to 
the orthodoma is also sometimes seen. The cleavage, according to a prism, 
is well developed, and also a second cleavage, parallel to the basal plane or 
the orthodoma. No polymorphic laransition has been observed above —200“. 

Methylene /odtde.— The diagram of state of methylene iodide has been 
investigated by Tammann and Hoilmann.t who describe the occurrence of 
four modifications. According to their measurements at high pressures, the 
modification which at ordinary pressure crystallises out of the molten 
condition at +5'7“, changes at — 6'5“ into another modificatiou. This 
change is stated to be reversible. 

On investigating methylene iodide in a similar way to the other substances 
described in this paper, it was found that the needle-shaped crystals which 
are formed out of the melt at ordinary pressure are orthorhombic. No 
polymoi]diic change has been detected at a temperature slightly below zero, 
and the crystals remain unchanged down to very low temperature, although 
they become very cracked. At about —200“ an alteration in the crystallised 
product takes place. It has, however, not been possible to make out whether 
this depends upon a polymorphic change, which proceeds very slowly, or 
whether it is due to the separating out from solid solution of some decom- 
position product of the methylene iodide. The difficulty of arriving at a 
decision arises from the fact that methylene iodide changes under the action 
of light sufficiently quickly to exhibit a distinct coloration from dissolved 

* Oempare Oroth, <C9iemiache KryatoUognipldt,’ vol. 1, p. SSO. 

t Q. Tammaan and B. Hollmann in ‘ Kryatslliaieran and Sofamaltaen,* Leipaio, ISOS 
P.S78. 
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iodine after but a few minutes. It ia therefore, praoticallf impossible to 
investigate the substance in a pure state. 

/odo^m.— 'Iodoform has been investigated crystallographically by 
Bammelsberg, Kokscharow, and Pope.* It crystallises in the hexagonal 
system in tablets, which are parallel to the basal plane. Iodoform is 
partially decomposed when heated to the melting point, and it is therefore 
difficult to obtain good crystal-growth directly from the melt. It was, 
however, found that it crystallises from the melt in a very similar way to 
bromoform. large isotropic fields and narrow double-refracting laths being 
formed. This corresponds entirely to the growth in tablets which is 
obtained from solutions. No polymorphic change takes place between the 
melting-point temperature and room temperature, but it seems that a 
change takes place in the crystals not far below room temperature. 
However, since the iodoform is decomposed to a certain extent when 
melted, it has not yet been possible to make out with certainty whether it 
is a polymorphic change which takes place, or whether the change is due to 
the separating out of solid solution of some of the decomposition products. 

Methane Tetraiodide . — ^Methane tetraiodide crystallises, according to 
Gustav8on,t in octahedra, which are isotropic in polarised light, and 
thus regular. 

Mmonitromethane . — Nitromethane crystallises very readily, forming large 
crystal fields, which belong to the monoclinic system. The double- 
refraction is high. The angle of the optic axes is large, and one of the axes 
shows a strong dispersion. The optical character is jmsitive. On cooling 
further, a cleavage parallel to the prism, and n second, but leas distinct, 
cleavage parallel to the basal plane, are formed. No other modification has 
been observed above —200°. 

Tetranitromethane . — Tetranitrometliane oiystallises in the regular crystal 
system. At low temperature an enantiotropic transition into another 
modification takes place. The double-refraction of this modification exceeds 
in no sections 0'005. It is probably tetn^nal or hexagonaL 

Chloropwrin . — Chloropiorin crystallises in the shape of long thin needles 
which possess a strong double-refraction and a parallel extinctimL It thus 
belongs to either the tetragonal, hexagonal, or orthorhombic interns. No 
other polymorphic modifications have been observed above —200°. 

Methyl Alcohol . — Methyl alcohol is monoclinic or triclinio.t At low 
temperature a polymorphic transition takes place. 

* See Qroth, 'Chemieche Kryetallographie,’ vol. 3, p. 4. 

f O. Giwtoveon, ‘ Aun, der (%emie,' vol. ITS, p. 173. 

I See * Boy. Soc. Froo A, voL 87, p. 379. 
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Btkyl AUohol . — ^Ethyl alcohol does not crystallise well. It belongs to one 
of the crystal systems of low symmetry.* 

Tertiary Butyl Akohol . — The original sample of trimethylcarbinol prepared 
by Butlerow was examined ciystallographically by Pousirewsky.t He states 
that the alcohol in the anhydrous state crystallises in the shape of six-sided 
prisms terminated by the basal plane. The angle between the prism faces 
was roughly measured by Pousirewsky as being 120*, and the angle between 
the prism faces and the basal plane as being 90*. This would indicate that 
the crystals belong to the hexagonal system. Pousirewsky, however, found 
that the crystals are optically bi-axial, the axial plane being parallel to the 
basal plane. He therefore considered trimethylcarbinol to be orthorhombic 
but pseudo-hexagonal. 

The alcohol was investigateil in the same way as the other substances 
described in this paper, and it was found that, when not quite anhydrous, it 
crystallises in the shape of needles which grow with great rajiidity, when 
pure ciystal fields are formed. Some of them have been found to be 
isotropic. At a temperature not far below that of the melting point, and 
several degrees above zero, a transition takes place into another modification 
which is very similar to the first one. Both modifications possess a low 
maximum double-refraction. No cleavage has been observed in the first 
modification, and in the case of the second the cleavage developed at quite 
low temperature is of an irregular character. 

These observations, compared with those of Pousirewsky, show that 
trimethylcarbinol crystallises from the molten state in hexagonal crystals 
which already at a temperature above zero change into a very similar but 
orthorhombic modification without the outer shape of the crystals being 
changed. Pousirewsky’s optical determinations were evidently made at 
a temperature below that of the transition point, whereby he was led to 
draw the conclusion that the carbinol was orthorhombic, pseudohexagonal 
and not really hexagonal. 

Dimethyl Dimethyl ether was prepared by the interaction of methyl 

iodide on sodium methylate and the gas was purified by condensation and 
fractionation. Dimethyl ether crystallises in long narrow prisms which show 
parallel extinction and possess a very low double-refraction. The ether is 
rhomlnc. No other modification has been obtained above —200*. 

Mdhyl-ethyl JB^er . — ^The ether was prepared by the interaction of methyl 
iodide and sodium ethylate, and purified by condensation and fractionaticm. 
Methyl-ethyl ether orystallises in prismatic columns of medium high double- 

* ‘ Boy. Soc. Proc.,’ A, voL 87, p. 878i 
t Butlerow, ‘ liebig'a Annalen,’ vol. 162, p. 889. 
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refnuiUou. These belong to the nionoclinio or triolinic Bystem. No other 
polymorphic form has been observed above --200®. 

Ahyl &her. — ^TimmermaiiB* has recently fonnd that two modifications of 
ethyl ether exist, a stable one melting at — 116'2° and an unstable one 
melting at — 123*3°. The crystallisation of the stable modification luw been 
described earlier.t It crystallises in the rhombic system. If ether is very 
suddenly cooled, it becomes glassy, and when wanned the unstable modifica- 
tion usually crystallises in beautiful sjtheniliths showing the " Bertrand 
cross,” This fonn is much less double-refracting than the stable form. 
When the teiniterature rises further, crystal germs of the stable modification 
are formed; it then grows rapidly inside the imstable modification, just as in 
the liquid phase. It is remarkable that the growth of the stable form often 
starts at the centre of the spheriiliths of the unstable fnnii. 

Acetone . — Acetone crystallises in the nionoclinic or triclinic system.^ No 
X>olymorphic transition has Iwcn obsei'ved above —200°. 

Ortho-ethyl Ether of Carbonic Acid . — When cooled by admitting liquid air 
to the vacuum-vessel surrounding the crystallisation-vessel the ortho-ethyl- 
ether of carbonic acid, as a rule, gets supercooled. At a temperature between 
—180° and —200° the stiff liquid becomes glassy in character and cracks in 
quite a peculiar manner, giving rise to a product which is absolutely similar 
in appearance to the perlitic volcanic glasses. It the exhaust on the liquid air 
is turned off and the preparation is allowed to warm gradually, the perlitic 
structure disappears as the glass of the ortho-ether warms. 

If the stiff liq^d is caused to crystallise by rubbing the wall of the vessel 
with a metal wire a very great number of crystal nuclei are formed, and 
grow very slowly. The phenomenon has much the same appearance as when 
ammoninm magnesium phosphate is precipitated from a solution by rubbing 
the walls of the vessel. If the crystallisation vessel in which crystals have 
previously been formed is slowly cooled, a great number of isolated crystal 
nuclei appear; these grow on further cooling into small growth-structures 
with sharp boundary lines. They consist of small fiat tetragonal bi-pyramids, 
the tops of which are cut off by the basal plane. Other sections occur which 
have grown parallel to the basal piano, and have the appearance of square 
letter envelopes. These sections are isotropic between crossed nicola As 
far as can be estimated under the microscope, the aisles of these tetragonal 
bi-pyramids must be practically those of the regular octahedron. The ortho- 
ether is thus tetragonal and pseudo-regular. 

* iT, Timmermana, ‘Bull Soc. Chim. Belgique,* 1911, vol. Sft, p. 300. 

t ' Roy. Soc. i^oc.,' A, voL 87, p. 378. 

$ See * Boy. Soc. Proc.,’ A, voL 87, p 379. 
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On farther ocxding die liquid gets quite viscous, and the small ootahedru 
entiielj cease to grow, the liquid ultimatelj becoming a perlitio glass, in 
which the “ porphyric " octahedral crystals lie embedded. This product is 
very similar to the volcanic glasses containing porphyric felspars and quartz. 
When this product is allowed to warm gradually the perlitic cracks in the 
glass at first disappear, and tlien a devitrification of the glass takes place. 
Hereby an immense number of very minute grains are formed, which are 
so small that they are scarcely distinguishable from one another, and appear 
as a crystallised " ground mass *’ merely by their action on polarised light. 
At higher temperatures the size of these grains gradually iucreases at the 
expense of their number, and the product finally, before melting, consists of 
the original, unaltered porphyric growth-structures embedded in a porphyric, 
“ hypidiomorphic " grainy mass. If, i^in, the melt in which porphyric 
growth-structures have already been formed is cooled very slowly during the 
time the crystal-germs are forming and able to grow, it is possible to obtain 
a product consisting entirely of the crystal growth-structures. 

These crystallisation and devitrification phenomena have been described 
here in detail, heoause the resulting products are almost identical in appear- 
ance with some of the volcanic rocks rich in silica, the genesis of the structure 
of which has been the subject of much discussion. 

Trimethylene. — Trimethylene was prepared from trimethylene bromide in 
the manner described by Qustavson.* The gas was purified by passing it 
through bromine and subsequently condensing it and fractionating it. 

Trimethylene crystallises very readily, forming laige crystal fields. On 
cooling further two cleavage systems are developed : the one is parallel to 
the planes of a rhombohedron, the other is parallel to the basal plane. The 
extinotioD is parallel to the basal cleavage and bisects the angle of the other 
cleavage system. The strength of the double-refraction is very different in 
different crystal directions. The maximum double-refraction, which is about 
0'012, is shown by those sections in which the basal cleavage is most distinctly 
developed. Certain sections are nearly isotropic, but exhiint a kind of 
undulatory extinction, and on rotating the nicols in some cases faint bluish 
and yellowish tints are seen, instead of a definite extinction. An investiga- 
tion of such crystal fields in convergent light shows that trimethylene is 
practically uniaxial, but optically anomalous. 

The diqiersion phenomena as seen in oonveigent light indicate that the 
interference figure is in reality that of a bi-axial crystal with an extremely 
small axial angle, the axial angles for red and for blue light standing at 
right angles to each other, as in the case of some Sanidines and in Brookite, 
* OiwtavaoDt * Joum. Prakt. Chsmie,’ vol. 36, (S), p. 300. 
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and as is also sometimes seen in optically miiaxial substances which exhibit 
** optical anomalies/' It seems that the extent to which these anomalies in 
trimethylene are developed depends to a certain degree uj>on the rapidity 
with which the cooling takes place ; it has, however, not beeti ]K>Hsible to 
find a crystal field showing a normal uniaxial mterference figure. No other 
polymorphic modification has been observe<l above —200°. 

Tlie conclusion to lie drawn from these optical properties with regard to 
the crystal system of trimethylene is, either that it crystallises in the 
trigonal system but is optically anomalous, or that it crystallises in the 
orthorhombic system and is pseudo-trigonal. The prinoi|ml cleavage system 
mwBt be interpreted as being parallel to the planes of a flat rhombohedrou, 
but the crystals grow in the direction of the horizontal axes, and a second 
•cleavage system parallel to the basal plane is also developed. Judging from 
the cleavage we thus arrive at the conclusion that the hydrocarbon is 
trigonal but optically anomalous, and not orthorhombic and pseudo-trigonal ; 
but a quite definite proof in favour of the one or the other alternative cannot 
he given* 

Hexaniethylene , — If rapidly cooled hexamethylene becomes a cracked glass. 
Slowly cooled it can be brought to crystallise, and once crystallised it 
•crystallises readily. It grows in large dendrites, forming cubic gratings. 
The crystal fields are absolutely isotropic. 

At low temj^erature this cubic modification changes enautiotropically into 
a double-refracting modification, which grows in a peculiar way in large 
patches inside the cubic nuslificatioii, without the general structure due to 
the crystallisation forms of the original cubic modification being in any way 
interfered with* The maximum double-refraction of this second form is 
about 0*012. 

MethyNummcthylene, — Methyl-cyclohexane becomes invariably glassy on 
oouling, but if the wall of the crystallisatioa vessel is rublied with a metal 
wire before the cooled liquid has become very viscous, cTystallisation can be 
brought about. Very slowly growing spheruliths are then developed. If 
the once cr}^Btalli8ed mass is melted in part and recrystallised b} again 
cooling the preimration, monoclinic prisms are formed. 

The cleavage is parallel to the prism and to the basal plane, the angle 
between the orthopinakoid and the basal plane being about 7«^°. The 
extinction angle on the clinopinakoid is ab<iut 13-20°. The crystals are 
often simple twins according to the orthopinakoid, and each half is poly- 
synthetically twinned according to the basal plane, giving rise to a “ herring- 
bone structure," similar to that of the pyroxenes in the diabasic rooks of the 
great Whin Sill. No other polymorphic form has been observed above —200°, 
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i(m!en«,-^Ben 2 eiie has been investigated orystallographioally by v. Groth.*" 
It ctystallises in the orthorhombic system. Benzene was examined as to the 
possible occurrence of other j>olymorphic modifications, but no transition into 
some other form could be detected above —200*’. Also no “monotropic”' 
unstable modifications have tieen ubserveil. 

Toltt/em, — Toluene crystallises in a very similar way to benzene. It is 
orthorhombic, and no further modifications have been observed above —200*. 

Para-snjlem, — Para-xylene has teen investigated crystallographically by 
Janua8ch.t It is monoclinic. No other indymorphic mollification has teen 
observed above — 200®. 

Mesiiylene. — From the moderately supercooled melt glass-spherulites and 
small strongly double-refracting needles are formed. After the preparation 
hns been caused partially to melt the recrystallisation takes place with great 
velocity, prismatic crystals of high double-refraction and parallel extinction 
being formed. On further cooling a very distinct prismatic cleavage and a 
perhaps still better developed cleavage parallel to the basal plane arc formed, 
but no polymorphic transition has been observed above —200®. 

If the liquid, however, is strongly supercooled before crystallisation sets in,, 
a second unstable modification of very strong double-i'ef faction is formed. 
This modification is also orthorhombic, end can be melted and recry stall ised 
from the melt in the absence of the stable modification. The unstable modifi- 
cation, however, jjasses slowly into the stable one, once this is formed, and 
grows just as crystals grow in a viscous liquid. 

Both modifications of mesitylene are orthorhombic. 

HemmethyUhenxene, — Hexamethyl- benzene crystallises similarly to benzene 
in orthorhombic prisms of strong double-refraction. No polymorphic 
transition has been observed above — 200®, nor any unstable modifications. 

HexatJdoro-bemene, — Hexachloro-benzene also crystallises in orthorhombic* 
prisms. 

Diphenyl-metluim, — Diphenyl-methane crystallises in orthorhombic needles. 

TetrapJuriyU^iiiethane. — Tetraphenyl-methane crystallises from benzene- 
solution in the shape* of needles.} Through the kindness of Prof. Gomberg 
the author has had the opportunity of examining, in polarised light, the 
tetraphenyl-methane prepared by him. The crystals which are formed on 
solidification from the molten state are identical in character with those 
crystallising out of solutions. According to their optical properties they 

^ V, Oroth, * Jahresberichte d. Chemie,’ 1670, p. 2. 

t P, Jaimasoh, ^ Ann. d. Chemie,* vol. 171, p. 79. 

X A. Qomberg, ^Ber. Deutsch. Chem. Gee.,* 1697, vol 30, p. 2043 ; and 1903, vol. 36,. 
p. 1090. 
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are orthorhombic. No other polymorphic modification has been observed 
above ~200®. 

FwrUur InvesttgeUion of Tnviethyl^methm*.~-As it was not possible 
previously to obtain crystals other than such as had grown in one certain 
crystal direction,* the investigation of trimethyl>methane has been renewed 
several times, and fresh samples of the gas prepared and investigated in 
crystallisation vessels of different size and width. After many vain attempts 
growths in several directions have been obtained by cooling very rapidly, 
and it has been established that the way in which the hydrocarbon 
crystallises is very similar to tlmt of triiiiethylene, which has been described 
above. Certain sections are practically dark between crossed nicols, but show 
in convergent light a cross which is opening slightly. The dispersion 
phenomena are in this case not as pronounced as in the case of triniethylene. 
Tlie optical character of triniethyl-methane is negative. Besides the cleav^e 
which in the earlier stage of the investigation was r^rded as being parallel 
to a prism, but is now considered as being parallel to the basal plane, a 
rhombohedral cleavage also occurs. Triinethyl-inethane is thus either 
trigonal and optically anomalous, or rhombic, but pseudo-trigonal ; but more 
probably the former. 


* See * Roy. Sou. Proc.,’ A, vol. 8S, p. 369. 
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Note on Electric Discharge Phenomena in Rotating Silica Bulbs. 

By the Hon. R. J. STHurt, M.A., Sc.D., F.R.S., Professor of Physics, 
Imperial College of Science, South Kensington. 

(Receired July 22, 1913.) 

The late Rev. F. J. Jervis Smith described some curious experiments on 
this subject l)efore the Royal Society,* without, however, offering any 
interpretation of his results. I have recently repeated most of his experi* 
ments, and have made others which have thrown light on the matter. 
As the result, it does not seem that anything fundamentally new as to 
the mechanism of disohatge is to be learnt from this line of research. 
Still, the work is worthy of brief record, if only to save others the trouble 
of traversing the same ground. 

Jeri'is Smith’s fundamental experimentf is as follows; The exhausted bulb 
is placed near a body charged to 1,000 volts or more. When the bulb is 
rotated, a luminous glow is maintained within it It is not difficult to 
foresee this result. The rarefied gas may be regarded as a conductor. 
Suppose the body natively electrified. Then, since the potential on the 
inside of the bulb is lower near the outside electrified body than elsewhere, 
positive electricity will flow to this neighbourhbod and negative electricity 
to other parts of the bulb, until the electric field inside the bulb is neatly 
neutralised. When the bulb is rotated, these induced charges will be 
carried round with it, and will have to flow through the gas to recover 
their equilibrium position. In doing this they set up the ordinary 
luminosity of discharge. To predict the precise direction of the stream 
lines would be very difficult, and it does not appear that much would be 
gained by success. As regards the detailed effects of magnetic fields in 
various directions in deflecting the luminosity the same may be said. I find 
that, just as in ordinary discbaige tubes, the luminosity at low vacua is 
mainly that characterising the residual gas, while at h^h vacua the 
fluorescence of the rilica under cathode rays predominates. 

In Jervis Smith’s third paper, he describes luminosity produced by rubbing 
the outside of the rotating silica vessel. I have used the dry hands as 
rubbers, almost enclosing the bulb in the two palms. The luminosity is 

* ‘ Boy. Soc. Proa,* 1908, A, vol. 8(^ p SIS ; 1908, A, rol 81, pp. S14, 430. . 

t 1 (lnd| however, that thin experiment, and aleo the experiment of prooucing 
luminoaity in ap exhausted globe by rotating it under a rubber, were deecribed as long 
ago as 1709 by F. Hawkebee, F.R.S., * Phyeioo-mechanical Experiments on VariouB 
Eubjecta/ pp. 36, 68. 
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then very bright and, under certain conditions, it survives after the rubbing 
is over. 

Tlie cause of Inuunosity is not materially different from what it was in the 
previous case. Before considering it some experiments will be described : — 

(1) On a favourable dry day the bulb was nibbed. Bemoving the liands 
and having the bulb rotating at a distance from other objects, tlie 
luminosity was extinguished. But on bringing the hand or any other 
earthed conductor near (not touching), the luminosity was restored. 

(2) The rotating bulb was rubbed. A brass cylinder a little laiger was 
then placed co-axially over it. No Inininosity could be seen. Displacing 
the cylinder to one side, still without touching, luminosity was restored. 

(3) The bulb was rubbed. An earthed conductor was then adjusted near 
it, inducing luminosity as in (1). A bunsen burner was passed underneath 
for a moment to discharge electrification, the top of the fiame was not 
allowed to approach nearer than 3 or 4 inches below the bulb, and did 
not warm it perceptibly. Luminosity was permanently extinguished. 

(4) The electrification produced on the outside of the bulb by rubbing with 
the band is positive. This was proved by lowering it into a Faraday cylinder 
connected with an electroscope charged with electricity of known sign. 

Let us for simplicity suppose that the rubber has been removed, leaving 
the outer surface of the bulb uniformly electrified. Then, if the surroundings 
in which the bulb rotates are symmetrical about the axis of rotation, no 
electric field will be created within the bulb. But if an earthed conductor 
is situated on one side of it, the potential of an element of area of the inner 
surface will be lowered when that element passes near the conductor. Thus, 
positive electricity will fiow to the point in question, and negative electricity 
away from it to other portions of the bulb. As before, the charges which 
have thus attached themselves to the inner walls are continually carried 
round, and have to flow back through the gas to their equilibrium position. 

Another of Jervis Smith’s experiments may be referred to which does not 
fall very well under the title of this note. If a brush discharge from an 
induction coil is merely allowed to play over a highly exhausted silici bulb 
like* that used in the rotation experiments, the bulb remains brightly 
luminous afterwards, sometimes for several minutes. In repeating the 
experiment, I find that this luminosity shows carious fliokerings, which are 
greatly accentuated if earthed conductors are brought near the bulb, and 
then ^removed. If the bulb is held for a moment high above a bunsen 
flame , or if it is breathed upon, the luminosity ceases. As before, the 
luminosity is connected with electrification of tlie outside surface. This 
electrification is initially uneven, and, as the charge creeps over the surface. 
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ciRents flow through the rarefied gae inside. The a|^roach of earthed 
conductors also upsets the uniformity of potential inside, and produces the 
same result. It is certainly cmious that these effects should be so persistent. 
It need scarcely be said that they have merely a superficial resemblance to 
the afterglow phenomena due to chemical changes in the gas, which I have 
•examined in previous pallets. 

Finally, it remains to consider one more of Jervis Smith's experiments, 
which, indeed, first attracted me to the subject. His description runs 
thus: — 

“ A silica glow bulb was rotated as before. The camel-hair rubber, after 
being in contact with the bulb, was removed, and no glow was visible ; but, 
•on establishing the magnetic field (about 800 G.G.S. units intensity), the bulb 
instantly glowed brightly, the glow lasting in some oases eight minutes 
before it died out. When pointed pole pieces were used on either side of 
the rotating bulb, a bright equatorial* band about 5 mm. wide of greenish 
^low was generated.” 



1 have repeated this experiment witliout difficulty (fig. 1). As before, it 
•depends on electrification of the bulb surface. Diselectrification by a flame 
destroys the efibet 

Each pole of the magnet, acting merely as an earthed conductor, lowers the 
potential of the inner surface of the bulb near it, so that these two portions 
of the surface tend to act as kathodes. The electric force may not be enough 
to cause discharge ; but when the magnet is excited it produces a magnetic 
force parallel to the electric force, and this, as is known, f lowers the discharge 
potential so that discharge can occur. At the same time a beam of 
“magnetic rays proceeds from each cathode towards the other, along the 

* The magnetic foroa ie perpendicular to the axia of rotation. The band la equatorial 
with reference to the latter and atretdiea between the pole pieoea. 

t See Birkaland, *Compt. Bend.,' Feb., 1808, voL 181, p. 586. 

{ It ia not neoeaaary here to enter on the difficult quMtion of the nature of theae raya. 
For our purpoae they are simply cathode raya modified by longitudinal magnetic foroa. 
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magnetic linee. These constitute the luminous band described. To my eyes 
it is bhie, not green. 

On the explanation given, the ends of the luminous band are each oatliodes 
other parts of the bulb surface acting as anode. It may lie objected that the 
appearance of the band suggests a discharge from one end of it to the other. 
The experiment indioated in hg. 2 with dischaige in a stationary vessel answers 
this objection ; 0 and 0 are each flat metal cathodes, and are connected together 
by a wire. A is anode. K and S are hollow pole pieces of an electromagnet. 



A Wimhurst machine is used. At suitable roi-efaction, no discharge occurs 
unless the magnet is excited. When it is excited, a band of negative glow 
stretches across as shown, exactly like that observed in the rotating vessel. 
A little positive light can be seen near the anode A, but it is inconspicuous. 

Going back to the iwtating vessel, these magnetic rays ought not to be 
seen if the bulb becomes negatively electrified by friction, for then the 
parts of the inner surface near the magnet poles would act as anodes, not as 
cathodes. 

An exhausted glass bulb was heated and coated with sealing wax jver a 
zone equatorial to the axis of rotation. While being rubbed with rilk it was 
luminous, but the insulation was apparently not good enough to get luminosity 
when the rubbing bad been discontinued. To examine the magnetic effect, 
rubbers were held near each of the pole pieces of the magnet. Under these 
conditions the magnetic rays had been brilUant, using the quartz bulb. With 
the glass one coated with sealing wax, no magnetic rays were seen ; on the 
otmtrary, when the magnetic force was strong, the luminosity (apparently a 
cathode ray phosphorescence of the glass) was concentrated in rings lying in 
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the zone of friction, which were nearly great circlea, and of nearly uniform 
hrightnesB all round. 

In this ease the cathodic portions of the zone which is being rubbed are 
those distuit from the magnet poles. The cathode rays experience not a 
longitudinal but a transverse magnetic force, and are curled up into small 
circles, so as to strike the walls again near their point of origin, and produce 
phosphorescence there. It is true that at any one moment only a portion of 
the zone is under excitation, but each portion is excited successively, and 
the pltosphorescence lasts long enough to produce sensible uniformity of 
illumination. 


The Origin of Thermal Ionisation from Carbon. 

By J. N, Bring, D.Sa 

(Communicated by Prof. £. BtUherford, F.RS. Beceived July 26, 1913.) 

It has been shown by the present writer in conjunction with A. Parker* 
that the ionisation which is produced by carbon at high temperatures, and 
in presence of gases at low pi'ossares, is reduced to a much smaller order of 
magnitude by eliminating impurities from the carbon, and by exhausting to 
a high degree the containing vesseL 

The results threw considerable doubt on the whole basis of the theory 
of electronic emission from incandescent solids. 

According to this tlieory,f the ionisation produced by elements at high 
temperatures is due to the escape of free electrons which pass into the 
surrounding si^aoe on account of the kinetic energy acquired at the high 
temperature. 

It was shown, however, in the above work that in the case of carbon this 
ionisation is probably related to some chemical action or some intermediate 
effect exerted by the gas in contact with the solid. 

Fredenhagen,^ who made measurements with sodium and potassium in 
a high vacuum, came to similar condusions with regard to the validity of 
the above theory of electronic emission. 

Harkeir and Kaye,§ in investigating the large ionisation currents from 

* * Phil. Msg.,’ 1919, voL 93, pp. 199. 

t Biobsrdson, 'PhU. Trsna.,’ 1903, A, voL SOI, p. 497 : 'Phil. Mag.,’ 1919, voL.Si, 
lip. 787-744 : AAi, 1913, voL 96, p. 340. 

} ‘Verb. DeutMh. Phys. Oesell.,’ 1919, voL 14, pp. 884-394, 

§ ’Boy. Soc. Proc.,’ 1919, A, vol. 86, pp. 879-896 ; tOtA, 1913, A, voL 88, pp. 689-038. 
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carbon in gases at atmospheric pressure, conclude tliat an important part is 
played by the presence of impurities. The ionisation from mebils was also 
considered to be largely affected by the presence of occluded gases. 

Richardson,* in discussing the results of Pring and Parker, admits that 
the ionisation originally measured by him in the case of carbon was largely 
influenced by the presence of impurities leading to cheniicftl reaction. The 
result of this was to lend to an abnormally high value being given to the 
constant A in the expression wliich was deduced to represent, 

on the basis of the thermionic theory, the relation between ionisation and 
temperature. By revising the constants from which the values in this 
formula are derived, the fonnula was made to follow niucli more closely the 
experimental results of Piing and Parker, though it still gave values con- 
siderably higher than the latter, and did not agree with the observed 
influence of temperature. It was, however, maintained that the fundamental 
theory put forward by RicharAson, accounting for the relation between 
ionisation and temperature, was not disturbed. 

Scope of Hxfieriments. 

The aim of the present work was to see if any direct electronic emission 
can be attributed to incandescent carbon, when the large ionisation effects, 
which were found in the earlier work to be due to chemical action, were more 
completely removed. 

For this purpose the purification of the carbon and the exhaustion of the 
surrounding vessel were carried out more extensively than before, and the 
effect on the ionisation at definite temperatures was- carefully measured. 

A series of experiments was also made in which small quantities of tiie 
highly purified gases — helium, aigon, nitrogen, hydrogen, carbon monoxide, 
and carbon dioxide — were admitted to the vessel at known pressures, to see 
if any relation could be traced between the ionisation and the relative 
chemical action of these gases on carbon. 

Apparatus . — The apparatus used was of the same type as that in the 
earlier work. The carbon was mounted in water-cooled holders, as shown 
in The copper tubes (A, A) served for the introduction of the current 

used to heat tho carbon. Air-tight connections with the side tubes of the 
flask were made at I, h, by means of soft wax. The carbon used was in the 
form of a rod, 8 cm. long and 0*5 cm. diameter, and contained a hollow space 
in the centre, 1*5 miu. diameter. 

The sample used in the measnrements was kindly presented to the writer 
by Dr. J. A. Harker, and was part of some material which had been 
* ' Phil Mag.,’ 101>, voL 84, p. 787. 

2 K 
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carefully purified before oompresaing in the rod form. Further purification 
was carried out in this work, after mounting in the apparatus, by heating for 
long intervals at very low pressures. The carbon rod had a resistance of 



about 0'25 ohm, and by passing a current of 80 amperes at 20 volts a 
temperature of 1850*^ was attained when the pressure was below 0*005 mm. 

For the ionisation measurements, one of the terminals (D) was connected 
to earth, and a source of positive potential applied to the wire E, to which 
was connected a small disc. This disc was placed at a distance of about 
8 cm. from tlie heated carbon. Since a potential of 220 volts was applied 
in the case of all comparative measurements, it could be assumed that the 
greater part of the ions produced in the vessel would be collected. 

A number of experiments were made with a vessel which was coated with 
silver on the inside, and the metal lining was then used as the anode. After 
heating for some time, the conductivity beoaure very uncertain, so that this 
method was abandoned in fjavour of the diso anode. 

A complete collection of the ions was not essential in these measurements, 
as the ionisation currents varied over such a large range under changing 
conditiona It became only necessary to oousider the order of magnitude in 
interpreting tiie results. 

The exhaustion of the vessel was effected by means cf a Gaede mercury 
pump connected to the apparatus at M. The higher preBsure mde of tiiis 
pump was exhausted by a Spiengel pump. In addition to this, the cbaieoal 
tube H, which was cooled by liquid air, was also applied for the final 
exhaustion of the main apparatus After removal of the liquid air, the 
charcoal was always disconnected from the main apparatus by means of the 
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tap K, and before each experiment was exhausted oontinuously for at least 
12 hours, by means of the Sprengel pump connected to L, while the tem- 
perature was kept at about 400° by a surrounding electric furnace. 

A Tdpler pump of large capacity at F was used for preliminary exhaustions 
and for the removal of gases which it was desired to collect. This pump 
also served as a pressure gauge, by using the scale placed behind the 
capillary at N. The column of gas in the capillary was arrested and 
measured when it stood at a height of 70 cm. above the leservoir B. The 
calibration showed that a column 1 cm. h^h corresponded to a pressure in 
the apparatus of 0*003 mni. This enabled a measuieiuent to bo made within 
0*0001 mm. in the absence of condensable gases. 

The U-tubes (P, P), which were surrounded by liquid air during the 
experiments, were used to condense mercury vapour in order to protect the 
charcoal from this metal, and also in order to condense any impurities arising 
from the grease of the taps. 

A spectrum tube connected at S was used for the purpose of spectroscopic 
examination of the gases present, and to obtain an idea of the pressure when 
below the limits of measurement by the mercury gauge. 

The d^ree of exliaustion obtained with this apparatus when the carbon 
was cold could not be measured by any of the methods available. Ko trace 
of discharge was visible in the s^jectrum tube on connecting with an 
induction coil, which, in air, gave a 5-inch spark. However, even after 
prolonged use of the apparatus, detectable quantities of gas always appeared 
when the temperature of the carbon was taken above about 1300°. Tlie 
lowest pressure obtained, when the carbon was at 1900°, was estimated by 
the mercury gauge at 0*0002 mm., but in most oases it could not be reduced 
below 0*001 mm. at this temperature. 

TvmpmUure Beadings . — ^These were made with a Wanner optical pyro- 
meter sighted directly on to the heated carbon. The pyrometer was first 
carefully calibrated and standardised by comparing with a thermo-junction 
pyrometer, and at the melting points of pure platinum and iridiunu* It 
was ascertained in some earlier measurements that the absorpticn of the 
l^ht by the clean glass of the vessel did not cause an error exceeding 10° 
in the measurement. 

On account of the possibility of error in hurried individual measurements, 
a large number of readings were first taken at different temperatures, and 
at a pressure of 0*001 cm., and the values were plotted (watts against 
temperature) in the form of a curve. 

Since readings of the current and voltage were made in every case, this 
* See Pring, ‘ Lab. Exerciaee in Phye. Chem.,’ Manch. Univ. Proaa, p. 164. 

2 K 2 
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carve was referred to in all subsequent readings, and in many cases a direct 
temperature reading during the actual experiment was avoided altogether. 
The curve was determined after the carbon showed no further change in 
resistance with continued heating. 

By comparing the values obtained by the different methods used for cali- 
brating the pyrometer, and by considering the degree within which carbon 
radiates as a black body,* it was found that an accuracy to within 25* could be 
relied on at 1800* in the temperature measurements and within about 60* 
at 2000°. 


Meamrement of Ionisation. 

The source of positive potential, usually 210-220 volts, which connected 
with the anode wire £, was first passed through a water resistance of about 
1 megohm. For the measurement of the larger ionisation currents a milU- 
ammeter or galvanometer was inserted in the circuit at T. For the smaller 
cnnents, a Dolezalek electrometer was used in parallel with standard 
capacities ranging from 0*001 to 0*3 microfarad. 

The wire leading from the electrometer was encased in an insulated metal 
tube, which, together with a metal cylinder placed around the lower part 
of the glass vessel at V, a narrow guard-ring of tin foil at X, and metal plates 
placed under the galvanometer and electrometer, was connected to the 
source of positive potential, in order to prevent any leak from the insulated 
anode to earth. 

When using the full potential a voltmeter was connected to the circuit 
immediately before and after each series of measurements. In order to 
ascertain the actual potential applied in the coses where larger ionisation 
ouiTents were obtained, and where a fall of potential through the water 
resistance would result, the voltmeter was connected permanently between 
the earth wire and the further side of the galvanometer. A number of 
additional readings were taken at a lower potential by using a source of 
100 volts, and cutting down by means of the resistance. 

The Dolezalek electrometer gave a scale deflection of 1 cm. per minute 
when used with 0*001 mf. capacity, with a current of OxlO'** ampere. 
No detectable leak occurred through the apparatus when cold, and by 
applying an additional potential of 2 volts by means of a cell, on to the 
insulated electrometer wire, no appreciable leak to any of the surrounding 
metal 'guards could be observed. Since the surface of the carbon was 
13 sq. cm. all the ionisation values below have been divided by this figure, 
in order to give the current per square centimetre of surfooe. 

* Ibid., p. 157. 
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' The experiments recorded in this paper were carried out after the carbon 
had been subjected to prolonged heating in a high vacuum, and was not 
capable of further purification by this treatment. 

Prqaaration of Oases. 

NitrogeTh—The gas was prepared by boating ammonium nitrite, storing in a 
gaS'holder, and then after diydng was passed through molten phosphorus and 
through a spiral cooled by liquid air, and then into a vessel containing mercury. 

This gas was admitted in small quantities to the main apparatus through 
the tap Z (fig, 1) by first filling the small space between this and a second 
tap connecting with the gas-holder. 

The results of the ionisation measurements are given in Table I, and are 
plotted in the form of curves for the ditferent tein^)eTaturea (fig. 2). The 
ordinates represent the logarithm of the ionisation and the abscisses the 
pressure. 

Hydrogen . — Tiiis was prepared by electrolysing baryta, and, after passing 
over heated platinised asbestos, calcium chloride, and phosphorus pentoxide, 
the gas was absorbed by ])alladium foil contained in a glass tube and warmed 
by an electric furnace. One end of the tube connected directly to the main 
apparatus at Z (fig. 1), and when the palladium was cold, the end leading to 
the generator was closed by means of a tap and the tube exhausted by 
means of the Tdpler pump, and finally by the Gaede pump on the main 
apparatus. By then warming the palladium and regulating the connecting 
taps, definite quantities of hydrogen were admitted to the reaction vessel. 
The results of the ionisation measurements obtained are shown in Table II, 
and in fig. 3. 

Carbon Monoxide . — This was prepared by the action of formic acid on 
heated sulphuric acid, and, after passing through a concentrated potassium 
hydrate solution, was admitted to a thoroughly exhausted vessel of 50 c.o. 
capacity, which was fitted with a tap and contained some phosphorus pent- 
oxide. The gas was allowed to remain in this tube for 15 hours, and then 
admitted to the reaction vessel through the tap Z, as in the cast of the 
nitrogen. In all these experiments where gases were admitted to the reaction 
vessel, the U*tube P would remove any condensable impurity. 

The results of these measurements are shown in Table III and in fig. 4, 
as before. 

Carbon Dioxide . — This was obtained from a cylinder of commercial gas, 
and, after storing in a bulb, was admitted directly into the apparatus. The 
measurements made with this are shown in Table Ilia, and also on fig. 4 

Helivm . — ^This was extracted from samarskite, and, after removal of water 
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vapoQr and moat of the hydrogen by admitting to charcoal cooled by liquid 
air, the gae was passed over heated copper oxide, and then stored in a tube. 
Before admitting to the apparatne through the tube L the gas was exposed 
for a few minutes each in succession to the two charcoal tubes T and H, 
which were cooled by liquid air. 

Headings with this gas are given in Table IV and fig. 5. 

Argon . — This was prepared by passing atmospheric nitrogen over finely 
powdered calcium carbide mixed with a small quantity of calcium chloride 
and heated in an iron pipe fitted with water*oooled jackets at the ends. 
The unabsorbed gas was then passed several times over calcium in a smaller 
tube, over heated copper oxide, and then dried by phosphorus pentoxide. 

The gas was then finally purified by exposing to an eleotrioal discharge 
in a tube in which the cathode consisted of a liquid alloy of sodium and 
potassium (70 per cent, potassium). The tube arranged for this had a 
capacity of about 100 o.c. Two right angle bends were provided, and 
platinum wires sealed in the walls, one at the end making connection with 
the liquid alloy, and the other joining on to an aluminium electrode at a 
distance of 8 cm. from the lower electrode. 

A trial was first mode with this tube by admitting nitrogen to a pressure 
of 1 cm. and connecting the tube to a small pressure gauge. After passing 
the discharge for 8 minutes this gas was so completely absorbed as to stop 
the discharge. The impure argon was then admitted to a pressure of about 
1 cm., and the discluiige passed for a few hours. A quantiQr of this gas 
was then admitted to a carefully exhausted spectrum tube, and examined 
spectroscopically. No nitrogen could be detected, though hydrogen lines 
were present, presumably arising from the electrodes. 

The argon was admitted to the apparatus by connecting the tube to Z. 
The readings obtained with this gas are shown in Table V and in fig. 6. 

In the curves for argon and helium, the ordinates, on account of their 
lower value, are plotted on twice the scale used for the other gases. 

The values of all the readings taken at the equilibrium stages are entered 
in the tables, and these have been plotted on the diagrams in every case 
when the value came within the range of the axes, and when the potential 
employed had been 210-220. 

Procedure of Experiment. 

The ap]^iihatus was first evacuated as described above, and after any 
admission of gas containing moisture, was first allowed to stand several dajrs 
in presence of phosphorus pentoxide, after carefully exhausting. During 
this interval no rise of pressure could, as a rule^ be observed. 
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If the carbon was maintained at 1300^ and the taps leading to the pumps 
were closed, the rise of pressure in 5 minutes was usually too small to 
measure, but above this temperature it became important, amounting at 
1800^ to about 0'003 mm. in five minutes. It would be expected that some 
of the gas arising in these cases would result from the decomposition of 
traces of hydrocarbons given from the wax seals used to hold the water- 
cooled tubes. 

In the experiments which were conducted at the lowest pressures, the 
exhaustion of the vessel was continued throughout the measurement. When 
using purified gases, a small quantity of the gas was admitted after first 
closing the taps leading to the pumps, adjusting the temperature of the 
carbon by means of rheostats, and completing all the electrical connections 
on the high potential circuit Headings of the ionisation current were then 
made by means of the electrometer or galvanometer, immediately after the 
admission of the gas, and then at definite intervals. These were followed by 
readings of the pressure and temperature as described above. 

Comparative experiments were conducted from time to time by exhausting 
the vessel, closing all taps, and noticing the increase of ionisation with time 
due to the increase of pressure which gradually took place at the high 
temperatures. 

Tabulation of Remits. 


Table I. — Nitrogen (pure). 


Temp. 

Pmsure. 

loniBstlon. 

Temp. 

Prewure. 

lonUatUm, 


Potential Difference 210-220 volts. 


o 

mm. 

amp. per «q. om. 

o 

mm. 

amp. per eq. om. 

1180 

GOOl 

8 -6 » 10-“ , 

1615 

0-002 

5-8*10-" 

1160 

0-8 

8-8K10-* 

1080 

0-009 

8-8*10-^ 

1800 

<0*0001 

2 -a X io-» 

1660 

0-08 

8 -8*10-* 

laro 

0-008 

8-4*10-" 

1760 

0-0016 

7*7x10-® 

mo 

0*8 

8-1*10-^ 1 

1880 

0-004 

4-6xl0-« 

1880 

<0-0001 

8-1 *10-" ‘ 

1840 

0*08 

2 -2 X 10-® 

1880 

0*001 

a-9*io-« 1 

1900 

0*0002 

1*8k10-* 

1886 

0-0006 

2-8*10-" 

1900 

0*0004 

8-4*10-* 

1860 

0-0001 

1-9 *10-" , 

1900 

0*0007 

4 *8 *10-* 

1870 

o-ooie 

1-4 *10-" 

1000 

0-001 

6'4*10-* 

1410 

0-006 

l-OxlO-* 

1900 

0*0016 

9-4*10-* 

1440 

0*001 

8-4*10-" 

2000 

0*002 

8-4*10-* 

1460 

0-0001 

17*10-" 

2020 

0-0016 

1-8*10-* 

1610 

0-0008 

8-0*10-" 

2086 

0-0008 

8 -6 * 10-* 

1610 

0-008 

17*10-* 





Potential Difference 100 volte. 


1286 

0-0001 

1-67*10-" 

1680 

0*0006 

4-0*10-* 

1866 

0*0001 

8-8*10-" 

1880 

0*001 

1 -6 K 10-* 

1476 

0*0008 

87*10-" 

1900 

0 0006 

8-7*10-* 
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These resultSj whioh are plotted in the fom of curves in fig. 2 , show the 
very large part played by the pressure of the surrounding gas. At low 
pressures, however, the ionisation approaches a limiting value for each 
temperature. As discussed below, this is probably due to the occlusion of 
residual gas. 

Table II. — Hydrogen. 


Potential 210-220 ToltB. 

Tempemtore 1860*. 

Temp. 1 

! 

Frenure. 

1 ! 

lonitation. 

f 1 

1 Potential. | 

Pressure. | 

Ionisation. 

0 

mm. 1 

amp. per iq. cm. 

[ TOltB. 1 

mm. 

amp. per mj. cm. 

1200 

<0*0001 

2 -8 X 10-‘* 

100 

1-0 

6 -6 X 10-* 

1200 

0-0002 ' 

' 8 'lx 10-“ 

86 

1-0 

1 -8 X 10“* 

1200 

0*001 

« *8 X JO-« 

1 06 

1-0 

6 -0 X 10-* 

1200 

0-002 

8 *8 X 10"“ 

|) 93 

1 0 

1.8x10-* 

1200 

0*008 

1 -2 X lO"*' 

!l 118 

0*03 

4 -6 X 10-* 

1200 

0*0076 

2 -1 X 10-‘® 

1 100 

0-08 

4 *6 X 10-* 

1200 

0-10 

I'SxlO* 

1 76 

0-08 

8 -6 X 10-* 

1200 

0-4 

1 0 X 10-" 

i 66 

0-08 

2 •« X 10-* 

1840 

0-0002 

l-SxlO-*' 

! 40 

0-08 

1 -0 X 10-* 

1340 

0-002 

4 -ax 10"“ 

n 

1 



1840 

0-003 

7 7 X 10-“ 

i! 



1840 

0-000 

1 -S X 10-* 

i< 




These values are plotted in the form of curves in fig. 3, where the ai>8ci8»)£e 
denote the pressures, and the ordinates the logarithm of the ionisation 
currents. 


Table III. — Carbon Monoxide. Potential 210-220 volts. 


Xetnp, 

Frenure. 

Ionisation. 

Temp. 

Pressure. 

Ionisation. 

o 

mm. 

amp. persq.om. 

0 

mm. 

amp per sq. om. 

1180 

<0-0001 

l-6xl0-“ 

1280 

0-008 

llxlO-* 

1180 

0-001 

8-86x10-'* 

1816 

0*002 

4 -8 X 10-“ 

1180 

0*002 

l-0xl0-“ 

1840 

0-0018 

1 -2 X lo-“ 

1180 

0-005 

2 7 X l0-“ 

1410 

0-002 

1 2-6x10-“ 

1180 

0-000 

8-0x10-“ 

1410 

0-007 

1 1 -8 X 10-» 

1180 

0-08 

2*8xl0-* 

1650 

0-0016 

l-SxlO-* 

1180 

0-7 

1 7 X 10-* 

1560 

0-002 

8 -8 X 10-* 

1280 

<0-0001 

2-16xl0-» 

1660 

0-0046 ; 

1-0x10-* 

1280 

0*0015 

1-0x10-“ 

1720 

0*002 

>4-0x 10-* 


Table IIIa. — C arbon Dioxide. Potential 210-220 volts. 


Temp. 

Pressure. 



Pressure. 

Ionisation. 

“ O'-- 

1100 

mm. 

0*008 

amp. persq.om. 

2 *8 K 10“* 

1 A * 

i 1180 

mm. 

0-008 

am^.|eriq.em. 

1180 

0*004 

6-1x10-“ 

1 1870 

0-008 

8 -1 X 10-7 


The results with carbon monoxide and dioxide are also shown in fig. 4. 
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Table IV. — ^Helium. Potential 210-220 volts. 


Temp. 

Pre88ure. | 

TonUetion. 

Temp. 

Pressure. 

lonimtion. 

0 

mm. 

amp. persq.om. 

• 

mm. 

amp. per sq.cm. 


<0-0001 

1 -1 X 10-» 

1426 

0-0006 

3-4k10"» 

1066 

0-004 

4-8x10-'* 

. 1425 

0*002 

8-6xl0-» 

1210 

<0 0001 

2-2x10-'* 

1426 

0-004 

6 -9 X 10-" 

1210 

0-004 

6-8x10-'* 

1425 

0-007 

1 -6 X 10-'® 

1210 

o-ooe 

1-0x10-" 

1 1425 

' 0 011 

8 -2 X lO-"* 

1280 

<0-0001 

S-lxlO-i* 


1 0-004 1 

i-exio-" 

1280 

0-0016 

8 -4 X 10-'* 

1670 

> 0-0006 

1-7x10-'® 

1280 

U-004 

1 -1 X 10-" 

1670 

0 -Oil 

9 -2 X 10“'® 

1280 

0-006 

2 -6 X 10-" 1 

1780 

! 0-004 

1 6-9x10-'" 

1280 

0-021 

1 -0 X 10-"* 


i 0 001 

0-9x10“'® 

1426 

0-00016 

2 -7 X 10-" 1 

1790 

0-0076 

1 l-9xJ0"* 

1426 

0-00026 

8-2x10-" 

' 1 

1830 

1 0-004 

1 3-lxl0"» 

1 


These values are plotted in the form of curves in fig. 5, the logarithmic 
scale of ordinates used being twice those taken in the preceding casea 


Table V. — Argon. Potential 210-220 volta 


Temp. 

Pressure. 

Ionisation. i 

Temp. 

Pressure. 

Ionisation. 

0 

mm. 

snip, per sq.om. 


mm. 

amp. per sq. cm. 

1270 

0-009 

4-8x10-" 

1460 

0 0008 

8-4x10-" 

1270 

0 012 

6 -1 X 10-" 

1460 

0-009 

7-8x10-" 

1280 

0-002 

8 6x10-'* 

1670 

0-0008 

1 -8 X 10-'® 

1290 

i <0-0001 

1-7x10-'* 

1600 I 

0*001 

2-0x10-'® 

1200 

' 0-008 

6 -7 X 10“'* 

1590 

0-002 1 

2 -6 X 10-'® 

1840 

1 O-OOOl 

1-0x10-" 

! 1600 

0 009 

a-sxio-*® 

1840 

0*0008 1 

1-0x10-" ' 

1600 

0 012 

6 -16 X 10-'® 

1840 

1 0-009 1 

6-9x10-" 1 

: 1800 

0-0025 

6-7x10-'® 

1840 

0 012 \ 

6-9x10-" 1 

1816 

0*008 

7 -7 X 10-'® 

1440 

j 0 -012 

1 -6 X 10-'® 1 

1860 

0*006 

8 -1 X 10-® 


These values are represented in the form of curves in iig. 6, the logarithmic 
scale of ordinates being the same as in the case of helium. 

In the case of all figures given in the above tables the readings represent 
the results obtained when the ionisation current had become stationary 
After a change of pressure of gas in the vessel, an appreciable int^'rval was 
usually necessary before the ionisation assumed a constant value. This time 
effect is shown in experiments tabulated below. 

The important result is at once clear from these tables, that whereas with 
the gases which are known to react with carbon, a very large effect is 
exerted by the pressure of the gas on the ionisation, while with the inert 
gases the ionisation shows comparatively very little change over a large 
range of pressure, and gives values of a much smaller order of magnitude 
than dm other gases. 
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In the ease of all gases, at the minimum pressures, the ionisation 
converges to a limiting value determined only by the temperature. This is 
probably due to the influence of residual impurities retained by the carbon. 

Table VI. — Change of Ionisation after Change of Pressure of Gas. 

1. Carbon Monoxide admitted to the evacuated vessel. 


Tempeiuture of carbon, 

Temperature of carbon, ISSQ^. 

Fmiure of gu 0 <X>5 mm. 

Preuura of gas admitt^, 0 *008 mm. 

Time. 

Ionisation. 

Time. 

i 

Ionisation. 

: 

amp. per sq. cm. 


amp. per sq. ora. 

0 *25 min. 

2 •! K 10^*1 

0 *25 min. 

1 •« ¥ 10““ 

1-0 „ 

1 -6 ic lO-*® 

0*6 ,. 1 

7-0 ¥10-" 

!•« „ 

i-9xi(rw 

1*0 1 

6’OxlO-^* 

2-0 „ 

2-4X10-'* 1 

2-0 „ 

1 -0 ¥ Kr* 

80 „ 

2'8)clO-'» 

8-6 „ 

1 'B X 10^ 

2. Carbon Dioxide. 

Tomperaturo, 1100^. 

Temperature. 1270°. 

Pressure, 0 *008 mm. 

Pressure, 0 ‘003 mm. 

Time. 

Ionisation. 

, Time. 

Ionisation. 


amp. per sq. cm. 


amp. per sq. cm. 
llxur” 

80 secs. 

7-OxIO"« 

6 secs. 

1 min. 

7 •Ox 10'” 

18 

1 min. 

8 *8 ¥ 10-“ 

u „ 

1-6k10-* 

i-axio^* 

8t » 

2 •$ ¥ 10-» 

1| S. 

4-4X10-'* 

8 

2 -8 X 10-* 

3 „ 

e'Sxio-* 



* 

2 -1 ¥ 10“« 



8 » 

8 •! ¥ 10-r 

i 

1 


3 » 

8 1 x 10“» 

Ionisation 

on Beduction of Pressure in above Experiment at 1160^ 


Time. 

Pressure. 

JoBiMtion. 

mins. 

mm. 

amp. per sq. cm. 

0 

0*003 

5-8x10-» 

u 

0*001 

O'OxlOr* 

Si 

0*0005 

9*«¥l0r» 

8i 

<0*0001 

O-OxlO-* 

Temperature raieed to 1360* and lowered to 1160*. 


<0*0001 

I’BxlO"" 
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Frewure. 


Fio. 3. 
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Discussion op Results. 

A. Relation between Jonmdion and Preemre. 

It is seen from Table VI above that, on admitting gas at a higher 
pressure daring an expeiiment, a certain interval was necessniy before the 
maximum of ionisation was attained. With the inert gases (helium and 
argon), which gave the lowest ionisation, this time effect could not be 
observed, but with the other gases it increased in proportion to their final 
ionisation current. Thus, at about 1200°, hydrogen gave a maximum value 
in about 30 seconds, carbon monoxide in about 3 minutes, and carbon dioxide 
not until after 5 minutea 

If equilibrium was reached at any given pressure, and the pressure was 
then lowered, at first only a slight decrease in the ionisation followed, and 
finally, in some cases, the current would suddenly fall to a lower value. The 
high ionisation obtained at low pressures could also, in some cases, be 
suddenly lowered by momentarily interrupting the potential applied to the 
circuit. In many cases, however, the reduction could only be brought about 
by taking the temperature considerably h^her — while the pressure was 
low — and then lowering again. This time lag or hysteresis in the ionisation 
has been observed by other workers, and it is quite apparent from these 
results that it is caused mainly by an occlusion of the gas in the carbon. 
The gas is only very slowly evolved on heating, and probably it cannot be 
entirely eliminated. 

Readings taken after a redaction of pressure during the experiments 
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have not been enteted in the above Tables (I to Y) on aoconnt of their 
uncertain value. 

B. InfliUTUX of Potemtial on lonioatioa Currmta. 

It is seen that in the experiments conducted at low pressures, the 
potential difference used to collect the ionisation played a comparatively 
unimportant rdle. If the fundamental ionisation arising from the carbon 
was largely increased by ionisation by collision in the gas, a very large 
change of current with potential would have been expected. Hence the 
great differences observed when using different gases cannot be explained by 
the known differences in ionic mobilities. 


C. J^eet of Different 0am on the Magnitude of the loniaation. 

The results of the measurements with different gases given in Tables 1-V 
show that the ionisation from carbon increases in these cases in the following 
order : — 


Helium, ■) 
Argon, J 


nitrogen, hydrogen, 


carbon monoxide, and carbon dioxide. 


This order is the same as for the known chemical activity between carbon 
and these gases. 

While the first two are chemically inert, nitrogen reacts to a small degree 
to form cyanogen,* and with hydrogen to form small quantities of methane, 
ethylene, and acetylene, f while carbon monoxide gives a small quantity of 
carbon dioxide and oarbon,t and carbon dioxide reacts rapidly to give carbon 
monoxide. 

With the inert gases the increase of ionisation with pressure is seen to be 
very slight indeed when compared with the active gases. It is seen from the 
curves (figs. 2 to 6) that the ionisation does not converge to zero at the lowest 
pressures, but rather assumes a constant value for each temperature. This 
is what would be expected in the light of the above phenomena of absorption. 
At the lowest pressures the amount of gas held in the carbon would always 
appear to correspond to a higher pressure on the outside, and it was indeed 
found Uiat the higher the temperature to which the carbon had been 
previously heated, while keeping the pressure constant — and thus the more 
completely the occluded gas bad been driven oat~tbe lower the final value 
to which the ionisation was reduced at that pressure. By repeatedly 


* H. T. Wartenberg, ‘ Zeit. f. Anorg. Ghem.,’ 1907, p. ftS, pp. 89e-81ft ; Smith and 
Hutton, ‘ Amer. Elsctr^. Soc. Trana.,* 1908, vol. 13, pp 359-^. 
t Pring and Ifhirlie, ' Chem. Soc. Trana.,’ 1918, vol. 101, p 91. 

} Bhead and Wheeler, ’Ohem. Soo. Trana.,* 1910, voL 98, p 9178. 
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admitting and withdmwuig one of the inert gases, the ionisation the 
heated carbon was also considerably lowered, but could not be reduced 
beyond a certain limit, as would be expected from the impossibility of 
excluding completely extraneous gas when working at the high temperatures. 

In fig. 7 curves are plotted to show the ionisation produced by the 
diflforent gases when at a constant pressure of 0*006 mm. The ordinates are 
expressed in ampbres multiplied by and the abscisste represent the 
temperatures. 


loniMtion, amps, x 



Fio. 8. 

Fig. 8 shows, in the form of a curve, the minimum ionisation values 
obtained from the carbon at the lowest pressures used. The ordinates here 
represent the logarithm of the ionisation and the abscisss the temperatures. 
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The miniiDum current for 1 Hq. cm. surface of carbon is seen to be 
1'7 X 10“” at 1200’, and 8’5 x 10"* at 2026®. These values aw respectively 
about 10^ and 10^* timoa smaller than those originally estimated by 
Bichsrdsoo (toe. eit.), and which formed the basis of the theory of thermionic 
emissivity, and are about 10^ times smaller than the values recalculated by 
Eicbardson {loo. dt.) after the wvision of the constants of his formula. 

Summarj/ and Cowlusions, 

The ionisation produced by carbon at high temperatures, which hitherto 
has been genemlly held to be mainly due to direct electronic emission, was 
found in some earlier work to be dependent to a very high d^p»e on the 
presence of gas and other impurities in contact with the carbon. The 
conclusion then drawn, that the large currents hitherto observed were 
derived from some reaction between the carbon and the gas, has been con* 
firmed in the present work. 

It has been shown that a still further large reduction in the ionisation is 
brought about by eliminating further the absorbed gases from the carbon. 

By admitting known amonnts of different pure gases to the carbon the 
ionisation produced was fonnd to be directly proportional to the known 
chemical activity of these gases. The progress of absorption of the gas 
by the carbon and its evolution could, moreover, be traced by the ionisation 
currents. 

It is clear from these results that the thermal ionisation ordinarily 
observed with carbon is to be attributed to chemical reaction between the 
carbon and the surrounding gas. 

Wliile it is difficult to prove definitely that there is no electronic emission 
from the heated carbon itself, it is obvious that it is exceedingly small 
compared with ionisation which can be attributed to ordinary cbemioal 
change. The small residual currents which are observed in high vacua after 
prolonged heating aw not greater than would be anticipated when taking 
into'account the great difficulty of wmoving the last traces of gas. 

I wish to thank Prof. Rutherford for the kind interest he has taken in 
the progwsB of this work. 
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On the Bejh^aciion and Dispersion of Gaseous Nitrogen Peroxide. 

By Clivb Cuthbertsox, Fellow of UuiverBity College, London, and 
Maude Cuthbertson. 

(Communicated by Alfred W. Porter, P.R.S, Received July 29, 1913.) 

The study of the refraction and dispcrHion of gaseous nitrogen peroxide 
(NOa, Na 04 ) is specially interesting, owing to the opportunity it affords for 
observing the changes whicli accoinpany the polymerisation of the molecule. 
No previous determinations are recorded in the usual books of reference. 


Preparation. 

The gas which vre used was prepared by heatiiig pure load nitrate, which 
had previously been ground to fine powder and heated for two hours to 
160° C. to expel moisture. It was condensed in a bulb, and quantities of 
about a cubic centiinetro of the liquid were sealed off in glass tubes which 
were broken %n vacm in a dry bulb containing PaOs. Taps were usually 
lubricated with luotaphosphoric acid, but in some cases with a mixture of 
pure paraffin and vaseline, which was not appreciably attacked by the gas. 

Apparatvs and Procedure. 

Fur the determination of refractive indices Jamiii's refractometer was used. 
The bulb containing the licjuid NOa was connected with the refractometer 
tube by a tap. Another tap connected wdth a manometer, consisting of 
two U-tubes in series, the first containing oil and the second mercury. A 
long capillary separated the oil from the tap w’hich led to the NOa- 

In a measurement of the refraction the liquid NOa was first cooled to 
—80° C., at which temperature its vapoirr pressure is negligible, and tlie 
whole apparatus was evacuated with a Topler pump, through tubes con- 
taining soda-lime and potash and PaO#, till the difference of pressure hhown by 
% the manometer corresponded with the barometric height. 

The manometer tap was then closed and the liquid allowed to warm, while 
the observer counted the interference bands which passed the cross-wire as 
the vapour flowed into the refractometer tube. When a convenient number 
had passed, the tap connecting the bulb of NOa was closed, and dry air was 
admitted into the manometer till the pressure nearly equalled that of the 
nitrogen peroxide. The manometer tap was then opened, and the difference 
between the pressure of the atmosphere and that of the gas was read. 

VOL. LXXXIX.— A 2 F 
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The bsrometrio height was again taken, the temjperatnre observed, and 
the number of bands noted. 

The density of the gas present in the refraotometer tube was determined 
by means of a density bulb connected with it in parallel, and immersed 
in the same water-bath. 


Light. 

Owing to the strong absorption of the vapour it was found impossible to 
use the mercury green line (X s 6460) for measurements of refraction. For 
this purpose we used red light (X = 6438) obtained by means of a fixed- 
deviation spectroscope, fitted with an adjustable slit at the eye end, which 
sifted out a band of light not exceeding 10 A.U. in width. Even with 
this red light the maximum numl)er of bands which could be counted 
when the vapour contained 96 per cent, of NOa was only about 80, so that 
great accuracy was not attainable. 


Reduction of Obatrvatimut. 

Our object is to compare the refractive and dispersive powers of the 
molecules of NOj and N 3 O 4 respectively, and their relation to those of 
nitrogen and oxygon. It is, therefore, necoasary to reduce the refraotivities 
experimentally observed at various temperatures and pressures to the same 
standard conditions as those under which the refraotivities of the permanent 
ga^ are usually expressed. These are, of course, that the tempemture 
and pressure of the gas should be 0** C. and 760 min. But in dealing with 
substances which are not perfect gases, it is desirable to substitute for these 
conditions the real standard which they are meant to define, viz., that the 
number of molecules of the gas present in unit volume should equal the 
number of molecules present in unit volume of a permanent gas, e.g. oxygen, 
at 0** C. and 760 mm. pressure. 

In the present case the pressure and temperature of the gas were observed, 
and it was assumed, for the purpose of the reduction, that each constituent 
(t.e. NOa and NaO^) behaved as a perfect gas, and that the mixture remained . 
of the same composition. Upon these assumptions the reduced refractivity, 
which we shall denote by l)o. 7 e. is given by 


. Hv NX / 76 

where N is the number of interference bands, L the length of the tube, t and 
p the temperature and' pressure of the experiment. 
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The observed density* of the gas was reduced in the same manner. It 
d denotes the observed density (grammes per litre) and D the reduced 
density, 


273 p 


The standard density for each constituent was obtained from the following 
figures : — 

Grammes. 


Weight of 1 litre of nitrogen at 0° C. and 76 cm 1-25718 

II ^ >1 ff 9 t 0'628o9 

,, 1 „ oxygen „ 1 *42962 

Hence „ 1 NO, „ 205811 

and 1 „ N ,04 .. 4-11622 


We have thus obtained a reduced refractivity and a reduced density. 
The former expresses the refractivity which would be given at 0° C. by a 
gaseous mixture in which the proportions of inolecules of NO, and Na 04 
were those which exist at the temperature and pressure of the experiment, 
and for which the density was such that tho number of molecules present 
per cubic centimetre was equal to tbe number present in unit volume of 
oxygen at 0^ C. and 760. The latter gives us the weight of unit volume of 
the gaseous mixture under the same conditions. 

Assuming the additive law to hold good for the gaseous mixture, i( 
evident that if we plot the reduced refractivitios against the reduced 
densities, we should obtain a straight line. The values of the reduced 
refractiviiies whicli con-espond with the standard densities of NOa and 
NaOi given above will be the ref ractivi ties of NOa and NaOi under the 
standard conditions. 

Table I gives the results of ten experiments on the refraction. 

* It may be asked why we did not use the olmeiwations of E. and L. Nataneon on tho 
oonuectioii between the density, temperature and pi^ssuro of NOg (* Wnnl. Ann.,' 
vol. 24, p. 445, and vul. 27, p. 606). These wore determined from observation is at nine 
temperatures nearly all above 20 *^ C,, and at the low temperatures and pressures which 
it was necessary for us to use in order to obtain a large percentage of N 2 O 4 , the 
discrepancies between their observations and the values calculated from Willard Qibbs* 
formula are so great that it was impossible to use them for the calculation of the density 
at intermediate temperatures and pressures. 

Schreber (' Zeit. Fhys. Chem.,* 1697, vol. 24, p. 660) has analysed the observations of 
tbe brothers Natanson, and gives a formula from which the dissociation constant can be 
calculated at any temperature and pressure. Our first series of experiments was based on 
the use of this formula, but after three months* work it was found that it, too, is 
untrustworthy at low temperatures. 
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Table I. — Refraotivity of Gaseous Nitrogen Peroxide (\ = 6488). 







HefractiTitr (m— 1 )10'. 


Density. 

No. 

of 

aspt. 

1 Len^h 

1 tulles. 

Tempera- 

ture 

(absolute). 

Pressure. 

No. of 
bands for 
A » 0438. 

Experi- 

mental 

(T> 

Seduced 
/NA J 78\ 

V L *273 'p / 

Bxperi- 

mental. 

litre 

Seduced. 

D-ffi??-. < .Z2. 

Utr. 278 y 

6 1 

mm. 
197 -TS 

273 

mm. 

180*4 

71-86 

2323 

9783 

0-8626 

8*084 

^ 1 

197-78 

278 

176 •» 

69-7 

2269 

9748 

0-8463 

1 3*632 

8 1 

197-78 

1 279 

190*9 1 

71-6 

2331 

9483 

0*8068 

8*628 

4 

197-78 

283 '0 

187*36 1 

66-6 

2168 

9130 

0*8086 

8*408 

1 

197-78 

288*9 

174*8 1 

67-43 

1870 

8620 

0*7029 1 

8*240 

9 

19778 

299*6 

237-0 

70-0 

2279 

7990 

0*8660 1 

! 8*087 

6 

197-78 

803 

196-6 

617 

1688 

7226 

0-6466 1 

i 2*771 

r 

197 -78 

311 

189*6 

47-26 

1638 

7027 

0*5944 

2 *716 

11 

897-80 

308*9 

66 -8 

00-4 

389 7 

0060 

0*1622 

2*367 

12 

997-86 

842*9 

61 *16 

497 

221-2 

6006 

0-1314 ; 

, 2*062 
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In fig. 1 the values for the reduced rofractivity are plotted against the 
corresponding values for the reduced density.* 

Tlie (>ointB fall on a straight line which cuts the ordinate whose abscissa 
is 2*0581 at the point 508*7i And the ordinate whose abscissa is 4*1162 at the 
point 1123. The constants, calculated by the method of least m^uares, give 
the following equation to this line: — 

10^(^-l)o.76 = 2983*4 D-1053*3. 


* It in, perhaps, not obvious why we should not obtain a similar straight line by 
plotting the experimental values of the refraotivity and density instead of the reduced, 
ainoe the latter are both derived from the former by multiplying by the same factor. 
But this is not so. 

In any one gaseous mixture let there be 74 molecules of KOg and of NgOf. Lot the 
refractivities of one molecule of NOj and one molecule of Ni ,04 bo denoted by - 1 ) and 
1 } respectively, and that of the mixture by (ft], - 1 ) ; and let the molecular weights 
of the two constituents be M^. 

We have 1) “ 1) +»**(/*« i 

and, BOfluming the peifect gas law for each constituent, 

p«(ni+7H)Rf, i 

also d « 

whence 0*,,- 1) - 1- . 

Mnltipljring by 1 we have 

{a*!!- 1)^ - B (M,^- M,) - 1) » 

a linear equation between the reduced refraotivity and reduced density. 
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The discrepancies between the calcnlated and observed values of the 
lefractivity are all lees than 0*35 per cent., except in the last two experi- 



ments, where they are -|-0’85 and — 1‘2 respectively. This was to be 
expected, owing to the low pressure and high temperature of the expeiri- 
ments, which increases the difficulty of determining the density. 

Hence, finally, we obtain as the reduced rofractivity of pure NO* for 
\ = 6438 

10»0*-l)o.76 = 0-0005087, 

and for pure Nj 04 10^(/a— l)o. 7 « = 0*001123. 

It thus appears that the rofractivity of a molecule of 1^304 exceeds that of 
two molecules of NO* by about 10^ per cent. 

In order to check this result we tried the experiment of operating with 
a constant density of gas at different temperatures. The gas was admitted 
to the tube in tiie usual way, and the pressure, temperature, and bands read. 
The refiactometer tube was then sealed off with as short a side tube as 
possible, and the tubes were heated and cooled in a water-bath, while the 
variation of the position of the bands was observed. The results were as 
followB : — 
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Tempemture. 

Freisure. 

Bandp. 

2741 

87-74 

62 '45 

290 

Not obierred 

80-8 

803 


80 *2 

831 ‘6 

ft 

67-4 

844 

1 

tf 

67 '8 

\ 

\ 


As the temperature was raised the proportion of molecnlea of NOj 
increased, while the density of the gas remained constant. The diminution 
of the retardation of light under these circumstances, which is shown by the 
retrogression of the bands, proves that the refractivity per molecule of NOa 
is less than that of Na 04 . The rate of diminution is rather faster than we 
should expect from the results of the main experiment ; but the accuracy of 
this subsidiary form of experiment is seriously affected by " drift ” or “ end 
effects " owing to the changes of temperature, and the weight to be attributed 
to it, as a quantitative experiment, is small. 

JUUUion to Re/ractiviiies of Nitrogen and Oxygen. 

We have recently shown that the refractivities of ammonia, nitric oxide 
and nitrous oxide are greater than the sum of the refractivities of the 
elements which compose them by 3'6, 3, and 16'3 per cent respectively.* 

Nitrogen peroxide exhibits the same phenomenon. The additive value for 
NOs is found from 

= 0-000299. 

Half of this is 0 0001496, 

and 0*-l)o, = 0-000271. 

The sum is 0-0004205, 

while the experimental value is 0-000509, an increase of 21 per cent 

Dispeksion. 

Procedure. 

Measurements of the dispersion are limited, by the absorption, to the red 
and green, and even in this region trustworthy values would be difficult to 
obtain were it not for the enormous dispersive power of the molecule of 
KOs. In prder to trace the shape of the dispersion curve as it passes 
through the absorption bands it was necessary to abandon the mono* 
chromatic sources of light which are available when a gas is transparent 
* ‘ PhU. Mag.,' April, 1913, p. 589. 
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to the whole spectioiin, and to do the best which is possible with a narrow 
section of the spectrum of white light. In this case the source was a 
Nernst lamp. The fixed-deviation 8|>ectro8cope was fitted with an adjustable 
slit at the eye end, and the two slits were narrowed till the beam which 
parsed through the second slit did not exceed 10 A.U. in breadth. The 
apparatus was evacuated and the optical paths of the two beams equalised 
by means of the compensator, so that no luovonient was seen in the position 
of the interference bands as the light was continuously changed from 
X6708 to Xu461. Gas was now admitted till a convenient number of 
bands (\ 6438) had passed, wlien the supply was cut off. The compensator 
was then altered till the same number of bands had passed in the opposite 
direction. If the wave length drum is now rotated any change in the 
position of the band is due to the difference of dispersive powers of glass 
and gas * 

Three sets of cxperinicnts were made; the first, at the lowest tem- 
perature and highest pressure which could conveniently be used, so as to 
obtain the greatest proportion of molecules of Nj 04 . The reduced density of 
this mixture was about 3*63, and the proportion of molecules of NaOi present 
was 76*6 per 100 molecules. 

At an intermediate temperature and pressure a single experiment was 
made on gas containing 48 per cent, of molecules of Na 04 . 

The third set was made at the higiiest temperature and lowest pressure 
convenient, on gns containing approximately 4 per cent, of molecules of Na 04 
and 96 per cent, of NOj. 

The results are shown graphically in fig. 2 (1, 2, 3). 

In the first set of experiments, in which the proportion of NOa was small, 
the curve could be traced throughout its whole length as far as X = 6500. 
It is comparatively smooth, but shows clearly the characteristic rise and 
relative fall on passing tlirough each region of absorption. 

In fig. 2 (2) is shown the curve obtained with 52 per cent. NOa, but the 
final density of the gas was so great that much light was absorbed, and 

The compensator was of spocial design and retards light of all wave-lengths equally 
except so far as dispersion affects them. It consisted of two pairs of wedge-shaped 
pieces of glass, with their thick ends opposed, mounted vertically in a metal frame with 
their exterior surfaces at right angles to the beam of light. 

Three of the wedges are fixed. The fourth is movable vertically by means of a screw, 
and is mounted so that the distance between the interior surfaces remains constant. 
Each of the two beams of light passes through one pair of wedges, which are optically 
equivalent to a plane parallel sheet of glass. By screwing the movable wedge up or 
down, the path of one of the two beams is accelerated or retarded, and all wave-lengths 
equally, except so far as dispersion affects them. 
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only six points on tho curve could be obtained, intermediate parts of the 
spectrum being obliterated. 

Fig. 2 (8) gives the curve obtained from the third set of experiments, when 
96 per cent, of NOg was present. It shows the increased size of the humps 
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on the curve due to the increased percentage of NOj, and gives a fair idea of 
the position of tlieir maxima and mbima. But farther than this the 
accuracy of this series cannot be trusted. In order to obtain readbgs 
between XA, 600U and 5600, it was necessary to reduce the number of bands 
to 17, and even to 13, and, under these conditions, an error of 1/30 of an 
interference band was equivalent to an error of 0'004 b the value of the 
refractivity. 

In the figure the three curves have about the same bcibation to the 
horizontal But, since the refractivity diminishes as we pass from (1) to (3), 
the dispersive power increases in the same order and 

proportion. 
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JUmarks. 

It is well knowu that, with sutlicient dispernion, and at low temperatures, 
the absorption bands of NO^i are seen to consist of fine lines, which blend into 
a band as the temperature is raised,* and, no doubt, if it were possible to 
trace our dispersion curve from line to line, a series of small maxima would 
be shown. Our apparatus is not capable of indicating these microscopic 
changes, but only records the general effect in passing through a region of 
absorption. 

The most interesting question raised by these observations is the cause of 
the inorease of refiactivity which accompanies polymerisation, coupled with 
the decrease of dispersive power. It is much to be desired that measure- 
ments of the refractivity should be supplemented by accurate ol) 8 ervations of 
the position of the absorption bands in the infra-red and ultra-violet for 
each constituent separately. So far as we can discover, no one has 
attempted this. Hartleyf records that the gas is transparent between 
XX 321 and 238, but this appears to ho all that is known. 

We are much indebted to the Royal Society for a grant in aid of this work. 


Summat*^, 


The results given above may be summarised as follows; — 

1. The refractivity of pure NO* for X = 6438, reduced to standard 


conditions by the formula (/i— lV 7 e == 


^ Z® is approximately 0 000609. 
L 273 p 


That of pure Na 04 is 0 001123, so that the effect of ixilymcrisatioii is to 
increase the refractivity by about 10 ^ per cent. 

2. The refractivity of a molecule of NO 9 is greater than those of the 
elements of which it is composed by 21 per cent. 

3. The dispersive power of a molecule of in tiie red and green is 
considerably greater than that of a molecule of N 2 O 4 . 


* Liveing and Dswar, * Roy. Soc. Proc./ vol. 46, p. 222. 
t Hartley, *Chem. Soc. Journ.,' 1881, vol. 39, p 111. 
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On the Diffraction of Light by Pmrticles Comparable with the 

Wave-length. 

By B. A. Kekn, B.Sc., Physics Research Scholar, and Alfskd W. Pobtek, 
F.RS., Fellow of University College, University of Jx)ndon. 

(Beceived October 1, — Bead November 27, 1913.) 

This reBoaroh was undertaken to investigate an effect first noticed by one 
of us (A. W. P.) when experimenting with the light scattered by BUBpensioDs 
of finely divided sulphur. These were obtained, in the well-known way, by 
depositing sulphur from a solution of thiosulphate of soda by means of a 
weak acid. When such a suspension is placed in the path of a beam from an 
arc lamp focussed on a screen, the image of the carbon is usually red, of 
greater or less depth according to the size and number of the diffracting 
particles. Ttie production of this rod colour has been satisfactorily explained 
by Lord Bayleigh* as due to the selective scattering of blue light by particles 
which are small compared with the wave-length of the light. 

One of us noticed, however, that if time Ije given for the particles to 
increase in size (and possibly in number also) the solution after becoming 
nearly opaque becomes transparent again, but in this new stage an excess of 
hlU'C is trarumiUted, which attains at one stage a deep indigo tint, this 
afterwards changing through various blue-green and green tints, to white. 

This very remarkable result is in direct variance with the current theory 
of the action of small particles, and presents, therefore, a problem requiring 
investigation. While making quantitative measurements upon it we found 
that analogous phenomena had been observed previously, though no thorough 
investigation liad been undertaken to explain the effect observed. 

For example Captain Abney, f in connection with his preparation of a 
photc^aphic plate which would be sensitive to the infra-red region, 
experimented with silver bromide and attempted to got it in a different 
molecular condition from that generally found. He says : 1 need not detail 

the different methods of preparation of this compound in collodion that were 
carried out. In some cases I obtained it in a state which, when viewed by 
transmitted light, appeared of a sky-blue colour inclining to green, visibly 
absorbing the red. In this condition it (the photographic plate) was sensitive 
to the whole spectrum, visible and invisible.'’ 

* ‘ail MagV 1S71, vol41, pp. 107-120, 274-279, 447-4M ; 1899, vol. 43, pp. 375-384. 

+ ‘ Phil. Trans./ 1880, Pt. II, p. 653. 
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Again, Walther Bitz* gives a new method of preparing the sensitive 
compound, giving superior results to those obtained by Abney. In the 
course of his directions he notes: — *‘Les bromures de zinc et d’ammoniuni, 
sout k pen prAs equivalents : on pent aussi remplacer le melange d'alcool et 
d'(Jther par de I’alcool m^thylique ou de Tacetone. La transformation, du 
bromiire d'argent est done d’ordre purement physique; elle est d'ailleurs 
toujours accompogn^e d’une augmentation du diain&tre des grains. Enfin 
rdmulsion a 6t6 soumise sous pression ii des tempe^jatures allant jusqu’i\ 
100° pendant une heure et 40^ i)endant 24 heures. II n*a cei>endant pas 4tu 
possible de d4(>asa6r la limite donn^e par Abney, le broinure devenant gratiuleux 
et se decomi>oaant .... La 'cuuleur caractcristique bleue de IMmuMoii 
d’Abney (observde par transjuaironce) apparatt ici imim'diatement et k froid.” 

Tliese obsen^atious made by others are important because they show that 
the phenomenon is not i^culiar to sulphur. 

Mdhod^ of InvestiffcUion. 

The research cr)n8isted of measuring, at various instants after setting free 
the thiosulphuiic acid, the transparency of the suspension to monochromatic 
lights f»f various wavodeugths. For this purpose a Hiifner spectrophotometer 
was employed, designed and made by Messrs. Hilger and Co. Light passing 
first through a fixed nicol, and then through one which can be rotated, is 
matched with light passing through the solution and tho second nicol. On 
its way tho light is sorted into its constituent colours by means of a constant 
deviation prism ; tho match cun therefore be made for any desired colours in 
succession. 

By trial it was found tliat the most suitable strengths of acid and thio- 
sulphate to use were such that the first sign of blue diffracted light appeared 
about two minutes after mixing, at ordinary temperatures. The exact 
strengths used in the present work were 0*051 gnn. molecule thiosulphate 
per litre and 0’106 gmi. molecule of HCl per litre. These were approxi- 
mately chemically equivalent. 

It was soon found that, to obtain any concordance in the results obtained 
on difierent occasions, it was necessary to pay particular attention to 
temperature and also to keep the solution continually stirred. Stray light 
had to be excluded as far as possible, as it seriously affected the power of the 
eye in matching the two halves of the beam. It was also necessary to guard 
against fatigue of the eye in the course of an experiment. The rectangular 
glass cell containing the solution was of 1 om. internal diameter. This was 
immersed in a larger one containing water to keep the temperature constant, 
* * Comptes Bandua,* 1006, vol. 143, p. 167. 
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while between this and the source of light another water cell was placed to 
act as a heat screen. As source of light a Welsbach mantle was empltqred. 
Vanous heat and light screens were placed where experience indicated. A 
thermometer was placed in the solution. Air was continually bubbled 
through to prevent the particles settling and to make their growth as regular 
as possible. The air tube was arranged so that the stream of bubbles was 
outside the field of view. A very steady stream of air was obtained from a 
toy vertical steam engine driven "backwards" by an electric motor. To 
prevent any considerable evaporation a glass plate was placed over the top 
of the small cell. The reaction was complete in about 30 minutes. At the 
close of an experiment the cell was cleaned with a wet plug of cotton wool to 
remove any adhering sulphur, thoroughly washed out with distilled water, 
and dried by a stream of dust-free air. 

Two typical wave-lengths — one in the blue and the other in the red — were 
selected, and the complete experiment performed with one wave-length at a 
time. The final curves obtained (fig. 1) are each composed of three sets of 



readings obtained in this manner. The readings for either wave-length do not 
differ among themselves by more than the experimental error involved in setting 
the nicol.* It will be noticed that the initial portion of each onrve is not 

* The experimental points have been omitted to prevent oontosion. The magnitude 
of the experimental error, however, is slightly less fhim thet between the valuee iadkated 
by cirdee in fig. 3 and the mean curve drawn throngfa thmn. 
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given. There ate two teasona for thia ouiiaaioti. In the first place very little 
of the light is diffracted at this early stage of the reaction, consequently the 
image of the source is too bright to permit of accurate comparison of the 
intensity of the two halves of the beam, as considerable movements of 
the adjustable nicol then produce no appreciable variation of intensity. 
The second source of error is due to the rapid rate at which the intensity 
changes in the early stages of the reaction, that is to say, immediately after 
the first pause during which no deposit is formed. This obviously makes any 
experimental error of more importance. 

Reliable readings of this initial portion of the curve were obtained in 
separate experiments by interposing a colour screen in the path of that 
portion of the beam which passes through the solution. Although this reduced 
the intensity of the light in an ascertainable ratio, it made the accuracy in 
setting the nicol much greater, as a small movement of the nicol now 



Fio. 2.— Curve showing intensity of transmitted light (X » 535) in the early stages of the 
reaction. 


^Temperature 14^ C. 


0 with oolour soreen 

X without oobur screen 
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produced appreciable effect on the intensity. From these readings the 
corresponding intensities, had the screen been absent, were easily obtained. 
With the help of on assistant to read the watch, readings were taken at 
shorter intervals. The curve obtained is shown in fig. 2. the readings being 
indicated by circles. A control experiment was made without the colour 
screen ; these readings are indicated by crossea 

As already mentioned, the growth of the particles is very sensitive to 
temperature changes. In fig. 3 are shown two curves to indicate this. The 
temperatures were adjusted by putting hot water or ice in the water-liath. 



Fxa. 3.— Curveii showing the effect of temperature upon the reaction. X « 660. 


Naturally the temperature could not be kept very constant by this means and 
these curves must be regarded as qualitative only. The character of the 
curve is very different at the two temperatures, the observations at the lower 
temperature not indicating the dip which is the subject of this paper. It 
should be observed that the data for figs. 2 and 3 were taken with a different 
experimental cell from those for fig. 1. 

The size of the particles was measured with the microscope when the 
intensity of the light passing through was a minimum, Le. about 10 minutes 
after mixing (see fig. 1). At the end of 10 minutes a drop of the solution was 
plaoed cm a slide, and further action was then stopped by neutralising the 
unchanged add with ammonia. The rnttreme limits of vamtion were from 
6/a to 10|t, thus indicating that the particles at this stage were considerably 
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lai^r than those used by Lord Bayloigh in his experiments.* This was 
confirmed by repeating his experiments with solutions of the strength 
mentioned above. Partioles of the size used by Lord Rayleigh give rise to 
the early portion of the curve in fig. 2. 

The gradual change of the transmitted light from red through blue to 
white is well brought out by the curves in fig. 1. In the first stages of the 
reaction the intensity of the blue light falls off more rapidly than the red. 
At the end of about 8 minutes the blue light has reached its minimum 
intensity and begins to increase, while the red light is still falling to its 
minimum. The transmitted light — ^when due allowance is made for the rest 
of the spectrum — becomes a purple colour. After the curves cross, the blue 
end of the spectrum predominates, and hence we got the blue colour of the 
transmitted light, which gradually changes to wliite os the remaining rays 
increase in intensity. The minimum and final intensities are the same for 
each wave-length. The final intensity (the horizontal portion of the curves) 
remains constant for a considerable time and then very slowly increases, 
owing to the coagulation and conseciuent settling of the sulphur particles. 

Interesting information on the rate of growth of the particles is afforded 
by an examination of the curves given in fig. 1. Tf the abscissm of the enrve 
for blue light are increased in the ratio of the wave-lengths, i.e. 660/476, the 
new points are very nearly coincident with the curve for red light. The 
points so obtained are indicated by crosses. As one would expect, the 
agreement is not so complete in the initial portion of the curves, but over 
the greater part very good agreement holds. This result shows that the 
transmitted intensity may be represented as a function of tjK, where t is 
the timo With regard to the relation between the time and the diameter of 
the particles more difficulty exists. In the range through which Lord 
Rayleigh has extended his calculations, the intensity is a function of the 
divided by X. Tliis would make the diameter of the particles 
in crease proportionally to the time. Too much uncertainly exists in regard 
to the physical processes involved during the growth of the p.irticles to 
devise with any confidence a theoretical value for the rate of growth. We 
may safely assume a practically instantaneous liberation of thiosulphurie 
odd, which then decomposes. If this were all, the rate of liberation of 
sulphur would be proportional to the undecomposed thiosulphurie acid, or 
daldt as K (a—®), and ® as a (1 

so that X itself would be a linear function of t in the early stages. But 
experimental evidence is in favour of the existence at first of supersatuiation, 

* 'Oolleoted Papers,’ voL 5, p. 647 ; ' Boy. Soe. Proe.,’ 1010, A, vol. 84, p. S6. 
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which at last gives way with a sudden depontion of sulphur particles, which 
then grow. If we assume that the thiosolphuric acid has decomposed 
according to the monomoleonlar law throughout, and that from this stage all 
that is formed deposits on the particles, the same equation will still hold 
good for the period after the sadden deposition. But this law is too simple 
an account, for the process will lie mainly controlled by the difihsion of 
Hapersatarated solution toward the formed particles. Tlie amount reaching 
the particles may be taken as proportional to their area or to their (,maas)V*, 
and the equation becomes 

dx/dt = Ka;** («—«). 

In the early stages (for which a—x can be treated as constant) this leads to 

m const. X f, 

so that the diameter would be a linear function of the time. 

In the recent paper by Lord Kayleigli, which we have cited, interesting 
elianges are shown to take place in the polarisation of the light as the 
particles increase, but there does not appear to be any indication of the 
phenomena with which this paper deala Wo liave not found it possible to 
modify the theoretical equations, so as to make the calculations maniq^ble 
for the larger particles with which we seem chietiy to be concerned. The 
phenomena appear to be analogous to the different order spectra obtained 
with an ordinary grating. The results are published in the hope that the 
attention of mathematicians may be called to an interesting but very difficult 
legion which still retiuires mathematical treatment. 
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On an Inversion Point for Liquid Carbon Dioxide in Regard to 
the Joule-Tltomson Effect. 

By Amved W. Poutkk, F.K.S. 

(Beceived October 6, — Read November 13, 1913.) 

In a paper published recently in the * Philosophical TransactionH ’ “ On tlie 
Thermal Properties of Carbonic Acid at Low Temperatures,”* Prof. C. Frewen 
Jenkin and Mr. D. R. Pye give, amongst other results, those obtained from a 
series of measurements of the Joule-Thomso'n effect for liquid COs at various 
temperatures. These results are tabulated in Table V of their paper. They 
are of particular interest because, within the range of temperatures to which 
they correspond, they find an inversion point for the Joule>Thomson effect, 
i.e., II temperature at which the effect changes over from being a cooling (at 
higher temperatures) to being a heating. As they themselves say; “No 
experiments on the Joule-Thomson effect for liquid GOg appear to have 
been published ” previously ; and as they admit that it is not easy to say 
what effect the presence of a trace of air (which was there) may have on 
their results, any method of testing them should prove of value. Such a 
test can be made by utilising the values of the specific volumes of liquid 
(*Oi which they give in a diagram on p. 78 of their paper. 


Method of Test, 

If the drop of pressure employed may be treated as a differential the Joule- 
Thomson effect is given by the equation 


“ ^0T • (t)i 


vy 
jjp 


The inversion point must therefore correspond to a minimum (or maximum) 
value of «/T. 

Application, of TeU. 


I have read off from the diagram of specific volumes the values at various 
pressures and temperatui'es and calculated the ratios v/T. These are 
tabulated below : — 


* <PhiL Trans.,’ 1813, A, Na 489. 
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p sa 400 lb./Bq. in. 


p a: 500 lb,/aq. in. 



T. 

V, 

s 

X 



T. 


T 

"0. 

Abf . 




“C. 

Abs . 



-ie-6 

266-6 

0*974 

880 


-4-6 

268*4 

1*042 

380 

-27 

246 

0-088 

879-3 


-16-6 

266-6 

0*970 

878-2 

-86 

237 

0*000 

879*7 


-27 

246 

0-920 

877-6 






-86 

287 

0-897 

878-6 


p = 600 lb./Bq. in. 



T. 

V. ! 

1 

I 

•c. 

+ 6*7 

1 

i 

1 

. ! 

1*110 

-4*6 

268*4 

1*031 

-16 *6 

266-5 

0-067 

-27 

246 

0-926 

-86 

287 

0-806 


T 


401*5 

3S4-1 

877*1 

876*4 

377*6 


All these three sets concur in giving a minimum value of v/T at a 
temperature not much removed from — 24° 0. Tlte inversion point actually 
found experimentally lies between —20*7° and —31°, and by plotting their 
cooling effects one finds it to be at — 28° C, the high pressure being 
between 668 and 664 lbs./8q. in., and the low pressure between 433 and 
360. The mean pressure is therefore about 500 Ib./sq. in. Thus, the 
rather remarkable result that an inversion }ioint exists near the point 
found is confirmed. The result is remarkable, because it implies that 
liquid COs is in this r^on behaving very nearly like a perfect gas, its 
volume being nearly proportional to the absolute temperature. 

It may be added that 500 lb./8(p in. is about 0*46 times the critical 
pressure, and —28° C. is about 0*81 times the critical temperature ; and 
that these are approximately co'ordinates of an inversion point for any 
van der Waals liquid. 
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The Diwifial Vanation of Ten'estrial Magnetism, 

By George W. Walker, A.R.C.Sc., M.A., F.R.S., formerly Fellow of 
Trinity College, Cambridge. 

(Received October 15, — Bead November 13, 1913.) 

The diurnal variation of terrestrial magnetism has been the subject of 
experimental study for many years, and at a considerable numlxsr of 
observatories scattered all over the earth. But the co-ordination of the 
results, and the theoretical investigation of the physical cause or causes of 
the phenomena, liave not made progress which seems to l)ear a reasonable 
proportion to the vast amount of observational data that has accumulated. 

As far as I know, Dr. Arthur Schuster's memoirs* constitute the most 
inspiring and systematic attempt to reduce this matter to scientific law and 
order. Although I have found it convenient to depart from the method 
pursued by Schuster, this change of procedure was in no small degi'ee 
suggested by various remarks in his memoirs. 

The comparative lack of interest in the subject arises, I believe, in gu»at 
measure from the difficulty (cuminentcd on by Schuster) of obtaining the 
experimental data in a form convenient for rational comparison. Observa- 
tories still continue to reduce their observations and to publish their results 
in a variety of ways, and, unless one is pre] Hired to undertake a considerable 
amount of tedious arithmetical computation at the very outset, it is prac- 
tically impossible to obtain a comprehensive view of what the facts are. 

The Advisory Committee of Eskdalcmuir Observatory recommended that 
the instruments should be arranged so as to record diractly the geographical 
components of magnetic force, and, when the tabulated I'esults for 1911 
began to take definite shape, it was, perhaps, natuial that I should be 
interested in comparing the results with those of the only other observatory 
which at the time also recorded the geographical components, namely, 
Potsdam (Seddin). The comparison, which I made in the light of Schuster’s 
conclusions, brought out points of such interest that I was induced to attempt 
to colleot data from other observatories as to the deduced values for the 
geographical components. Following Schuster, the data T desired to obtain 
were the Fourier coefficients in the geographical components. I confined 
myself to the 24-hour and the 12-hoar terms, because I share the view, 
entertained by many of those who realise the errors that arise on the 


* ‘ FhiL Trantk,* 1899, vol. 160, and 190S, vol. 308. 
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experimental and ubBervHtionnl Hide, that the shorter priotl terms are of 
very donbtful accuracy. 

I further confined my attenthm to the average yearly value, not because 
the seasonal variation is unimportant, but because I felt that there was a 
great danger of coming to gtief in a multitude of facts. 

The data T have been able to obtain are collected in tabular form. If they 
appear somewliat meagre, I would point out that I had perforce to confine 
my attention to observatories whose results could, without very much 
arithmetical labour, be put in the form desired. I huj)e that the information 
disclosed by the table will encourage others to make a contribution to it, and 
thus to the progress of knowledge of the phenomena. 

In the table the rpuntities are those in the equivalent formulte 

flicos sin 0(008 2<+^Bin 2t 
and Cl sin (/-(- «i) +rs8in (2/+«is), 

where t is the local mean time at the station and the unit of magnitude is 
O'l 7 or 10“* gauss. 

ITrom information very kindly supplied by the directors of the various 
observatories, the following statement may be made : — 

1. Practically all days aro used, not selected quiet days. 

2. The original curves are not smoothed, except in the case of the V resrdts 
for Polo. 

o. The original curves gave records of II and 1) except at Eskdalemuir and 
Seddin, where N and W were directly recorded. 

4. The hourly values are those at the exact hour, except at Seddin, where 
the hourly value is the estimated moan for an hour centering at the exact 
hour. 

I need perhaps hardly say that one could wish for data obtained in 
precisely the same way, and that before entering on a minute arithmetical 
computation, all data should refer to the same year. It was soon obvious 
from my inquiries tliat one would have to wait several years before suoh 
data could be obtained. 

Nevertheless, I think certain broad inferences may be drawn from the 
data oolleoted in the table, and these seem to mo of vital importance. 

It will be convenient to review briefly the main points in Schuster’s 
memoirs. If we grant the main proposition, that it is correct to represent 
the variations by a potential function, the problem may be divided into 
two parts: — 

(1) The empirical determination of the potential function which represents 
the observations. 



Table !• — ^Fourier Coefficients of the 24-hour and 12-liour TeruiB in the Geographical Coinpoueuto of Diurnal Variation of 

Terrestrial Variation. 
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(2) The theoretical inveati^tion of the physical causes that give the 
potential function so determined. 

These two divisions are substantially represented in Schuster’s first and 
second memoirs. But the two divisions are not entirely independent, (1) 
must borrow from any hint suggested in (2), and (2) must be kept within 
the bounds indicated by (1). 

In the first memoir, Schuster dealt with observations from the four 
observatories — Pavlovsk, Greenwich, Lisbon and Bombay. Observing that 
in the west component the Fourier terms depended substantially on the 
local time (a feature which is in the main confirmed by our table), he 
showed how the potential could be calculated. Since the west component 
is of the form Sfl/sin where 6 is the co-latitude and ^ the longitude, 
it is only necessary to get the proper expression for W in Tesseral harmonics, 
and then the simple integration with respect to ^ gives, when multiplied by 
sin 0, the function O. 

His conclusion reached was that the principal parts of the mean diurnal 
variation for the year could be expressed by a potential function of the form 

n/a s Aisin^co8dcos(f4-ai)4 Ai8in‘^cos^ooe(2f+as), 
where t is the local time or the equivalent Greenwich time plus the 
longitude, say (<’+0). 

In the second memoir Schuster proposes to explain these terms as arising 
from electrical currents in the atmosphere, set up by the joint action of the 
{permanent part of the earth’s magnetic field and the mechanical oscillation 
of the atmosphere. Thus tlie barometric variation is associated with the 
nu^etic diurnal variation. Certain formidable difficulties occur and are 
carefully noted by Schuster, but I need not comment on them. 

In attempting to deal with the seasonal variation Schuster supposes that 
the conductivity of the air depends on the sun’s zenith distance, and, 
assuming a simple and tentative expression for the conductivity, investi- 
gates the potential function that arises. The analysis is necessarily 
exceedingly complicated. 

Let 'us now return to the empirical expression obtained by Schuster. 

A potential of the form 

n/a SB Ai8in^cos9co8(<'-f-^-fBi) 
must give components to north N and to west W 

N = +Aicoii20cm(t'+^+cti), W sb — Aicos^sin(<'-i-^-l-«i); 
and again the form 


12/a s A»sin*^oostf cos(2f'-f 2^-f «») 
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gives comiranents 

N = +A3Bin0(2— 38in*8)coa(2^' + 2^+«is), 

W = — Aaain2^sin(2^'+2^+«s). 

The following Table If facilitates the comparison of the fonniilte just 
obtained with the data collected in Table I : — 

Table II. 


Station. 

Sin0. 

OotB. 

1 C<m2«. 

8tn2«. 

SiB8(2-8rin>«) 

PavloTsk 

0*506 

0*863 

0*400 

0-871 

O-0t4 

ERkdalemuir 

0*669 

0*822 

0*362 

0-996 

0*686 

Wilhelnishaven 

0*604 

0*804 

0*203 

0*066 

0*660 

Potidani 

0-612 

0-791 

0*262 

0*068 

0*686 

De Bilt 

0-614 

0 780 

0*246 

0*060 

0*684 

Polft 

0-700 

0-708 

-0*006 

1*000 

0*840 

Helwan 

0-867 

0-408 

-0 *604 

0*864 

-0*221 

Bombay 

0-046 

0-828 

-0*790 

0*014 

-0*648 

Batavia 

0-094 

-0-108 

-0 *077 

-0 *214 

-0*068 


If now wc examine the data and consider W only, then, making allowance 
for the fact that the data are not all for the same year, we have, I think, 
strong support for Schuster’s expression. Batavia is, however, abnormal. 

Again, taking the values for N only we have strong support for a formula 
of the type given by Schuster. 

But clearly for any one station the values of N and W should give the 
same constants in the formula. This is not the case. The phaso angles 
are not in agreement, and what is even more serious is that the observed 
amplitudes of the north component ci and ^ are all too great as compared 
with the values computed from the potential function which represents the 
west component. The matter looks still more difficult if we compare the 
«ii ill a*, 6a of N with the hi, ny, and oa of W. 

1 confess that the result was disconcerting, for one could see no flaw in 
Schuster’s method, and the west values did, on the whole, depend mainly 
on local time. Thera was, of course, tlio possibility of a higher zonal 
harmonic, but this did not promise much help, and I was certainly onwilling 
to enter on much arithmetical computation. There remained the possi- 
bility of obtaining a function which would contribute to N without 
contributing largely to W. This practically meant a term depending on 
time from some fixed meridian, as Schuster bad indicated. 

After carefully studying Schuster’s theory of the cause, with its ensuing 
complicated analysis, it appeared to me 'that one might reverse the whole 
process, that is to say, one may in a perfectly general way determine 
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potential functions which are differentially related to opposite mdes of the 
earth. The process may stop as soon as we get the terms which repiesent 
the data, and then we may seek for the physical meaning of the terms. 
In mathematical terms we start with the primary potential 1/r. Any space 
derivative of this is also a potential. Thus a S]jace derivative fixed with 
regard to the earth gives a contribution to the fixed part of the earth’s field, 
while a space derivative fixed with regard to the sun gives a contribution to 
diurnal change. 

In this simple way expressions were formed and it was found that the 
terms sought for could arise. I think it will be convenient to postpone 
consideration of the manner in which they were obtained and to give first 
the results. 

For the 24-hour term the form i»f potential function at which 1 arrived 
may be written 

n as AHinfico8fioos(f+«])+UHin9ooR(t4-«s) 

+ 0 (sin* f ) cos (f -r + D si n* 6 cos (f + ^ — ^')i 

wherein t is the local mean time (s f'+^) and 6, ^ are the oo-latitude and 
longitude of the station, while may be regarded as the longitude of some 
arbitrary meridian. 

Since the data do not all refer to the same year a minute numerical 
analysis would be out of place. Thus only round numbers were selected for 
the constants. By trial the following form was finally selected : — 

10*Il/a = (loOsinficoefi— 50 sin fi)co8f +(— TOsinficosfi— 108infi)8int 

-1-66 (sin*^— |)co8(f— 0)-l-5Bin*fico8(<+^). 

This gives in units of O'l 7 the following values for the north and west 
components : — 

X as (150008 2^— 60 cos fi-h 70 sin* cos cost! 

-I- (—70 cos 26— 10 cos 60 sin* $ sin sin t, 

W ss (— 70cosfi— 10— 108infism^)cosf 

-I- ( — 150 cos 0 -f 50 — 1 0 sin cos sin f . 

The numerical values computed are shown in Table III. 

Although the observed values are given in units of 0*17, it must be 
remembered that the accnracy in most oases does not exceed 1 7. 

I think it will be admitted that we have, on the whole, got a substantial 
representation of the data. The better agreement that might have been 
obtained for the European stations had, of course, to be sacrificed somewhat 
to get the curious features exhibited by the Bombay and Batavia data. 
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Table III. 


Btogon. 

• 

N. 

W. 

V, (Proriuonal.) 


»i. 

a,. 




pATlOTsk 

+ 83 

-16 

-73 

-84 

+ 18 

-60 

Bikdalemuir 

+ 77 

-36 

-67 

-70 

+ 20 

-86 

WilhelmihaTan 

+ 70 

-21 

-67 

-76 

+ 24 

-42 

Potsdam 

+ 64 

-13 

-67 

-75 

+ 26 

-45 

Do Bilt 

-1- 66 

-20 

-66 

-74 

+ 26 

-42 

Pola 

+ 32 

1 + 7 ! 

1 -61 

-68 

+ 82 

-46 

H^wan 

- 40 

: +67 

i -40 

—82 

+ 20 

—88 

Bombay 

-142 

+ 87 

-42 

- 2 

+ 4 

-21 

Batam 

-137 

+ 69 1 

-12 

+ 60 

-74 

+ 18 


The potential function obtained must also account for the values of Y, 
We are at liberty to suppose that any term in A arises from an external 
or interior source, and further that these contributions may differ in phase. 
We may, therefore, introduce a division of the constants that will give the 
correct value of A at the surface and at the same time account for the 
observed values of V. In fact, if we could depend on the values of V we 
have the important means of determining the external and internal propor- 
tions. But unfortunately the observations of V are poor and everyone who 
has really faoed the experimental difficulties admits that the results are most 
unsatisfactory. In particular I know that the Eskdalemuir results for V are 
quite unreliable, and, judging from the other data, I think they must be 
regarded with some suspicion. The Potsdam and l)e Blit results do, however, 
agree very well, and so I take them as a sort of standard. 

But clearly the position is a weak one, and therefore I do not feel justified 
in giving more than a general indication of what our formula would do. 

I therefore asaume that the outside and inside contributions agree in phase, 
and as regards the second order spherical harmonics I adopt Schuster's result 
that the internal contribution is one quarter of the external. In the first 
order harmonic I assume tliat the contribution from internal source is nil. 

We thus get the formula for Y. 

V »s {IfiOsin^ cos^— 50sin^+(70 sin* 0-* 130/3) cos cos f 

+ { — 70 sin ^ cos 10 sin (60 sin* d— 130/3) sin sin <. 

The computed values, marked provisional, are entered in Table III. The 
results are, on the whole, in the right direction, and might be brought closer 
by taking a smaller proportion from an internal source, but I do not think it 
vrorth while to force the matter until better data are available. 
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We now consider the 12-hour terms. The fom which I found it convenient 
to try >iNMi 

n ss ABin*^oosdcu8(2<+ai)+B8in*0coB(2<+ai) 

•f i C sin* d sin (2 < + ^ — ^')+ D sin G — sin* tf) sin (2<— ^ + ^') 
+£ sin d sin (2 4-^'). 

The first four terms involve liarmonios of order 3 but the last is of order 1. 
I finally dropped the term iu B, made £ s — 4B and D s -^0. It also 
seemed an odvantsge to make b 30°. 

Thus the empirical form adopted was 

10*n/a = {— 00 sin* d cos +40 sin* Osin (^—30°)} COB 2< 

+ 25 sin* 0 cos 0 sin 2i, 

so that C =B 60, J) = 20, E » —16. 

The components to north and west thus become 

N =s {— 608ind(2— 38in*d)+120Bin*doosdsin(^— 30°)} cos2f 
+ 25 sin d (2— 3 sin* d) sin 2^, 

W =s {60sin2d— 80sin*dsin(^— S0°)}Bm2f 

+ {25 sin 2d+40 sin* d oo8(^— 30°)} cos 2t. 

The computed values are shown in the following Table IV ; — 


Table IV. 



N. 

W. 

V. (ProTuional.) 

Station. 

' - 

— 



" - 

— 



>!• 




*1- 

Bavlmk 

-87 

416 

438 

4 62 



BskdalentTiir 

-60 

416 

4 86 

+ 6** 



WilhelnuhaTen .... 

-47 

414 

487 

468 



Fotedam 

-43 

+ 18 

480 

467 



De Bilt 

-47 

4l8 

488 

4 71 



Pola 

-88 

4 e 

444 

471 



Hclfran 

412 

- 6 

462 

451 



Bombaj 

468 

-16 

442 

-12 

-10 

424 

Baiavia 

446 

-24 

1 

4 8 

-68 

460 

420 


Again, I think these numbers give substantial agreement with the data. 

Turning to the data for Y, the numbers look more hopeful than in the case 
of the 24-hour terms, and the experimental errors that affect the 24-hour 
term are perhaps not so serious in the 12-hour term. Thus I was tempted to 
posh the agreement somewhat further. 
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The data sngji^sted that the main part for the northern stations arose from 
(he term in sin *9 cos 9 , but was chiefly in the cosine term cos and practically 
nil for the sine term sin 2f. This can be met by assuming a phase difference 
between the outside and inside contributions. Ttius I assumed 

10*Il/a as A\,sin*doosdoos(2f— ei)+B^siu*doosdcos(2t— eg). 

Hence we have 

A oosei+B cosci ss — 60, A sin ej + B sin eg ss 25. 

To get the V results for Potsdam, wo have the additional e<piation8 
SAcosei — 4Bcoseg=: —120, 3Asinei— 4B8ineg = 0. 

Hence A s= — 6.‘j, B 3 = — 14, ej = —15°, eg =s —50°, which agrees with 
Sjohuster’s result that B is about 1 /4 of A. 

Next the term in sin’d suggested the main \iart of the terms at Batavia, 
and assuming for the moment that the harmonic was entirely of order 3, 1 
took the form 

10*Xl/a = Bing'd sin (^—30) ■|^A^co8(2f— ei)+B^co8(2<— eg)^. 

Hence A cos ei + B cos eg = 40, A sin 61 + B sin eg s= 0. 

The vahioH at Batavia suggest taking 

3 A cos ei— 4B cos eg = 80, 3 A sin ei— 4B sin eg = 40. 

Hence A =’ 35, B = 8, ei a= 9°, eg .= —45°. 

This again makes B about one-fourth of A 

But the hartnonio was really made up of a main ];)art of order 3 and a minor 
part of order 1, and the correction to V is thus found to be 

mnd {—16 sec 45° sin (^+15°) COB 2f + 16 sec 45° cos (^-(-15°) sin 2<}, 

where we have assumed that the first order term was entirely external. The 
net result is 

V SB {— 120Bin‘dcosd-H80sin*dsin(^— 30°)— 23sindBin(^-t-15°)} coB2f 
+ {40 sin* d sin (^ — 30°) + 23 sin ^ cos -t- 15°)} sin 2#. 

The computed values in Table IV seem to give very satisfactory agreement with 
the data 

I do not, of course, suggest that this empirical representation of the data 
in Table I is unique or final, but I do think it is clear that the Schuster terms 
alone will not co-ordinate the data, and the form we have obtained does go a 
very considerable way towards meeting (be difficulties. 
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We may now consider how the terms were arrived at, in such a way as to 

provide a clue to the physical meaning 
widiout binding oneself to any special 
theory. 

In the figure let Of, O17, Of, be rect- 
angular axes thraugh the earth's centre O, 
in the dh^ections, earth’s way, radius to the 
sun, and perpendicular to the plane of the 
ecliptic. Let OX, OY, OZ, be fixed rect- 
angular axes in the earth, but not rotating 
with it, OZ being the axis of rotation, 
and OX in the plane containing Of and OZ. 01 is thus the obliquity of 
the ecliptic and x ft*' angle expressing the time of the year. 

The direction cosines of OX, OY, OZ, referred to Of, O17, Of, are 

OX = cos <0 cos X* cos to sin x* —sin to ; 

OY as — sin^i cos^. 0 ; 

OZ as sin to (iOi^Xt sill to sin x^ cos <0. 

Let bo the polar co-ordinates of a point fixed on the eai th, and let 0 , 0 
refer to any other point on the earth. 

Suppose we start with a potential II a= 1/r and difierentiate along the 
direction 0 \ We get a new potential function 

Hi = ^sin 0' cos ^ + sin 6 * sin ^ + cos 0 ' ^ ^ 

= — \ {sin 0 * sin 0 cos(^ — ^')+co3 0 * cos 0 ), 



Since — remains constant wliile the earth rotates, we simply have a con- 
tiibution to the permanent field of the earth, representing a doublet with its 
axis ill the dii*eotion 0 \ Again, let uh differentiate along O17. We get 





V 

r® 


= — ^ {sin 0 cos ^ cos c0 sin sin sin ^ cos + cos 9 sin » sin x) 




( —(1 —sin® a> sin® x)* ® cos t + cos 0 sin to sin , 


where t is the local time at the point of observation reckoned from midnight. 

The term in oos 0 contributes nothing to diurnal variation, but contributes 
a seasonal term to the general field. It has a maximum in summer, a 
minimum in winter, and vanishes at the equinoxes. 
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The term in sin 6 contributes to the diurnal variation. The amplitude has a 
semi-annual seasonal variation, rising to its maximum value 1 at the 
equinoxes, and falling to its minimum value cos a> at the solstices. 

Averaged for the year it contributes a term sin 8 cos t to the mean 
diurnal variation. 

Such a tenn is indicated by the data. We may, if we like, picture it as a 
uniform field in the direction of the sun, within which the earth rotates. 

In a similar way we may differentiate along Of, and so get a term 
gin 0 sin t 

Let us now carry the process of forming functions further by differentiating 
III along the direction Oi;. We may write tlie result in the form 


fla = ^ {3 aintf' sintu sin;^ sin^ cosd coa(^ — cosd' sina> sin;^ (1 — 3 cos* 


— 3 cos 0' sin 0 cos 0 (1 — sin* m sin* com (^+<') 

— 3 sin 6' sin® d (1 — sin* a sin® ;^)* cos + i') cos 

+sin^' (1— sin**, sin®^)* co8(^' + ^')}, 

where t' is Greenwich mean time, 0", <f>' ttie co-ordinates of a point fixed with 
respect to Greenwich, and 0, ^ the co-ordinates of the station referred to 
Greenwich. 

The first two terms contribute nothing to diurnal variation, but only 
annual seasonal terms to the general field. The remaining terms contribute 
to diurnal variation, the amplitude having a semi-annual seasonal variation 
fluctuating between 1 and cos o. Averaged for the year we get terms in the 
mean diurnal variation. 

If dMs 0 we have a term sin ^ cos ^ cos where t is the local tima 
Similarly, a term sin 9 cos 0 sin ^ arises hy differentiating along Of. We 
thus get the Schuster terms in the 24-hour term of diurnal variation. 

If 0' az ^ir, we have tlie term 

3 sin® 0 cos (4»+t') cos (^— ^') — cos (^' -ft'). (A) 

Similarly, differentiating along Of, we get a term 

3 sin® 0 sin cos (^— ^')*“8in (^' + 1'). 

Now, in this latter form replace by f wf as we are at liberty to da 
We get 

3 8in*tf sin(^+<'),sin(^— cos(^'-hf'). (B) 

Adding (A) and (B), we get 

(3 sin* ^ — 2) 008 (^' + f'). 

where t' is Ohreenwioh mean time. 
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Again, deduct (B) from (A) and \re get 

3Bin>8oo8(2^'-^'+0- 

These are the terms we found it desirable to introduce. 

We have thus ol)tained the terms required for the data, and clearlj we 
might have taken a more general form had it been necessary. 

We have seen that Schirster proposed to explain his term as arising from 
the permanent field and tidal oscillation. But there are great difficulties in 
the way. Our analysis confirms the association with the permanent field, 
but otherwise may simply mean differential conductivity of the air as 
between midday and midnight, and as between sunrise and sunset, the 
difference arising from the ultra-violet radiation from the sun. 

As regards the term depending on Greenwich mean time, its mode of 
generation would appear to associate it with a magnetic axis lying in the 
plane of the equator. If there is such an axis the intensity will have to be 
feeble if it is not to produce a very pronounced influence on the general field, 
as indicated by observations. 

My main objective has Iteen the mean dmrnal variation for the year, 
letting the seasonal variation take care of itself. But I anticipated that any 
correct method of approach would provide by extension for the seasimal 
change. 

This appears to be the case in the analysis given. Seasonal change is 
provided for, but the terms .we have obtained contribute only semi-annual 
change, not annual change. 

The latter is important, but will not of course leave an influence on the 
mean yearly value. Thus it may Iw expected to arise in a way which 
differs from that we have already used. But differentiation along Of supplies 
the kind of function wanted. 


Thus 


do 



where t is the local time and tan ifr m cos «i tan >j(. 

The first term contributes to the permanent field. 

The second term contributes to the diurnal variation at any particular 
time of the year. But the phase ^ passes through a cycle in the course of 
the year, and so contributes nothing when averaged for a year. 

The seasoual change is, however, beyond the limits I had prescribed 
myself in this paper, and I shall not pursue it farther on this oecanon. 

So far the examination has referred to the 24-hour terms, but the 
data indicate the necessity for adding to the Schuster expression 
sin* 8 cos 9 008 (2f -!■«•) in the 12*hour terms also. Our method fw the 
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24f4ioar terra Buggeate that we should get new 18dioaT tenue bj a aettnid 
difbreatiatiou along Of or O 17 . The formula beoome more oomplioated it 
we are to retain the sun's annual variation in deolination. 

We therefore simplif 7 the matter bj regarding the sun as remaining in 
the plane of the equator. If we thus lose sight of the seasonal variation, we 
gain in coiioiseness. 


If we take the form ^ , m. we get as a potential form — - — 

or r Of! r 


which leads to 


”55 1-810*^008 2<}. 


The contribution to the 12*houT term is of the form sin* d cos 2t, but I 
did not find this term of much assistance in representing the data. 

The Schuster term sin* B cos B arises by putting d' = 0 in fli, which 
then liecomes cos BJi^, and then forming the 3*/9i;*, 6*/0f*, or 0*/0f9ij of 
cos d/i-*. 

If, on the other hand, we put B' = in Hi, which then becomes 
1 /r*. sin 0 coh(^—^'), and then form the o*/ 0 i)*, 0 */ 0 t*, or of this, 

we arrive at 12 -hour terms of the forma — 

3 sin B cos (^-f -f 2t')— Bin*d cos 2 1 cos (^— ^') (C) 

and 3 sin d sin H- 2f')->J^ sin* 0 sin 2 f oos 

In the latter replace by We get 

3 sin d cos + 2t)—^ sin* d sin 2f sin (^— d'). (D) 

Addition of (C) and (D) gives the form 

sin (-j— sin* ^ ) cos (2 < -b 

while, if we subtract (D) from (C), we get the form 

sin* 0 cos ( 2 <-b 0 —^'). 

I found it convenient to add to these forme a term sin ^ cos ( 21 -b^'—^) 
which may be regarded as a uniform field parallel to the plane of the equator 
rotating with the angular velocity of the earth but in the oppoute direcrion. 

We have thus formed a simple specification of the terms which seem to fit 
with the data. I have no theory to propose as to their origin, beyond 
Schuster’s view that they arise from differential conductivity of the upper 
regions of the atmosphere. If further data confirm the probable reality of the 
terms, it should not be a difficult matter to express the law of oonductirily 
which would account for them. As we have only had to proceed to second 
differentials with regard to the sun’s direction, or the earth’s way, it does not 
look as if the differential conductivity required is of a -very complex nature. 
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The pondbility of aasoouting tihe eleotrio and magnetic atate of the earth 
with ita tianalational movement has often attracted attention, although 
without succeaa. It may not be out of place here to give a general aolution 
of the electromagnetic equations for a body of conductivity e moving in a 
straight line with velocity &C, where 0 is the velocity of radiation. The 
solution, which I believe is new, refers to the steady state. 

If (X, Y, Z) (a, j8, 7 ) are the components of electric force and magnetic 
force the equations are 




A aolution is expressed by 




7= - 




where ^0 is a solutiou of 


n _j(j)3Vo . ^3^0 1 3*^0 _ Q 


Primary solution- 


where 


1 ^ X± 

p 

p* = j3p+?/*+**» 


and other solutions may be obtained by the usual process of differentiation. 
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A Suffffestton as to the Origin of Black Body Radiation. 

By George W. Walker, A.RC.Sc., M.A., F.RS., formerly Fellow of Trinity 

College, Cambridge. 

(Boceived October 16, — Read November 13, 1913.) 

The diecuBsion on “ Radiation in Section A at the recent British Associa- 
tion meeting in Birmingham was one of profound interest. Some of the 
remarks made then suggested the investigation which I now describe. 
Planck’s formula* for the emission function is 

This formula represents the observations for short and long waves at various 
temperatures with considerable closeness ; and, if it is the correct expression, 
it is held by some to prove that the classical equations of dynamics and 
electrodynamics are at fault. As I do not think the classical equations 
are in much danger if properly applied, I have endeavoured to trace the 
dynamical explanation of the experimental data. There must be many 
formulae which will express: the data as well as Planck’s form. In search- 
ing for such an expression of dynamical form, I went back to the equations 
for the motion of a charged sphere which I established on dynamical 
principles.f A clue to a solution very soon appeared, and without further 
remark, at present, I will state the formula that was tried. 

If the emission within a range B\ is expressed by 

^ (X, cfX, 

it will be remembered that, in order to satisfy Stefan’s and Wien’s laws, tlie 
expression (X, d) must be a function of the product Xd. 

Accordingly, I selected the formula 

as a function which satisfies the following conditions : — 

(1) It gives Stefan’s law that the total radiation varies as 0*. since 

P '{(a!»— a*)*+6*®*}» *** ~ 0 and 6 + ). 

(2) It gives Wien’s law that the maximum radiation at anj temperature 
occurs when = constant. In our formula 

\m0 “ 

* ' UmoH, d. WKrmeatnhltmg,* 1006, p. 107. 
t ‘ PhiL TraDR.,’ 1910, p. lOS. 
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(3) It given the condition that the maximum radiation at any temperature 
for this wave-length Xm varies as 6^. In our formula 

(4) It gives Lord Rayleigh’s formula fmr long waves 

^ ss k$fx*. 

These conditions are required by the experimental work of Kurlbaum, Wien, 
Pasehen, Luminer and Pringsheim, and Rnbenn. 

Tlie remaining point is therefore whether the formula will fit with the 
losnlts of Pasohen or Lummer and Pringsheim for short wave-lengths. 

I take Lummer and Pringsheim’s* data as typical. 

It soon appeared that one might take » 4a* and then ^ takes the 
simpler form 



We have at once from the data = a = 2940 wliere the units are X* in 
microns (10~* cm.), and $ in centigrade degrees absolute. 

In computing the ordinates for any specified value of 0, it is convenient to 
note that for any wave-length X equal to nXai or (1 /n) Xm, the function ^ 
varies as The following are the numerical values of the function 

^(n) SB ] 6 (?( -(• '«“})“* : — 


«. 

/(■) 

1 ** 

/(•) 

iO 

l-O j 

2*0 

0*4090 

11 

•0-0820 

2*6 

0 *2262 

1 -2 

0-0260 

8*0 

O'laos 

1*8 . 

0 *8728 

4-U 

0-04004 

1-4 

0-8007 , 

0*0 

0 -U2188 j 

1*6 

0*7200 

1 6*0 

0-01106 i 

1*6 

0*6526 

! 7-0 

0-00615 ! 

1-7 

0*6880 . 

8*0 

0-00807 1 

1*8 

0*6197 ' 

i 9*0 

0-00282 

1-9 

0*4017 

! 10-0 

0-00154 , 

1 


I take the ex}ierimental curve of Lummer and Pringsheimf at temperature 
1450° absolute, for which Xm is practically 2 ft, and choosing the scale to 
give a maximum onlinate of 73 unite as shown in their diagram, the curve 
from our formula was calculated, and is shown in fig. 1. It fits the whole 
experimental curve excellently. 

We have thus obtained a formula which fits all the data as well as, if not 
better than, Planck’s. It is empirical, and there may be many others. But 

* ' Verb. d. Dautsoh. Phya. OaaaU.,* isee^ pw Sia 

f Loe. «*(., p. S17. 
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in form it soggesta what we may expect from a dynamioal system with very 
heavy damping. 

The equation ■ =» X, 

where m' s= f e*/oC* and k = m'ajQ, 

for the motion of an electron, lias been much used by Lorentz, to whom we 



owe it, and by Plauok. But it is only an approximate equation, although 
for many purposes a very good one. 

I have shown* that more correot expressions for the motion are given by 
the two equations 

where % is the value at r a a of the function which defines the 

state of the field in the lether, vis., 

(X, Y, Z) a ^(-1.0,0)(,^"+,-x'+x-«^) 

+ ^ y. *) {r*x" + 3»‘X' + 3 X - ^) . 

(«. A 7 ) = ^(0. 

* * Phil. Trana./ lot:, eH, amU, 
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The equatione were obtained first for a condnotor, and were afterwards 
shown to be very nearly true for an insulating sphere. 

Let US suppose that the restoring force is linear, so that X as — and we 
then get 

^aX+|x+x-«^ = o. 


+/*f+§ ~ X == 0- 

Thus the free motion is determined by 

X = Ai!**. f = Be«, 

where A(gx>+gx+l) * b1. 


B(mX»+/i)-|-§^AX*a=0. 
Hence X ie a root of the equation 

(mX*+/i)(^,X»+® X+ l)+m'X> = 0. 

If m = 0, we get 

^»i'+/*^jx*+f*^X+/t = 0, 

of which the roots are, neglecting squares of a/C, 


where n is the frequency. 

This would agree with a oalcolatiou by Lorentz. 

But experiments are against tlie supposition that m, the intrinsic mass of 
an electron, is zero, and Knxifmann’s numbers suggest that tn is of the same 
order as m'. For a positive particle it is generally agreed that is 

small. 

Hence, retaining m, we get two pairs of complex roots. The approximate 
values neglecting squares of a/C are 


\ 1* ** 

^ Gm + wf 


»*, 


where 


ft* SB 


m+m' 


and 


X 



m / a 


These equations may be regarded as applicable to the behaviour of a 
molecule made up of a heavy, and so comparatively stationary, positive 
particle with a single electron revolving round it. 

The vibrations are of two types. In the first, which closely agrees with 
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Lorentz* result, the damping is for optical purposes small, and tlie reduction 
of amplitude in the time between two collisions of a molecule with its 
neighbours would be small. But in the second type we have something 
very different. 

Tlie frequency is enormous and the damping so great for optical purposes 
that the reduction of amplitude to a small fraction of its original value may 
be regarded as instantaneous. Just after each encounter the amplitudes of 
the two types may be regarded as comparable, but before the next encounter 
the second type will have been suppressed by almost instantaneous radiation, 
while the first type will not have suffered any great reduction. Have we 
not here a clue to the ** quantum ” theory and the characteristic Rontgen 
radiation ? 

In a detailed discussiou it will be necessary to take account of the radiation 
from the positive particle also. 

Let us now consider the steady radiation from an electron in wliich the 
motion is goVemed by the preceding equations and is maintained by a purely 
mechanical foice Xu cos The mean rate of radiation, viz., Xqx, I find 


to be 


D ’ 


where 



This result is equally apidictible to a positive particle with appropriate values 
of 7/1, 7n', and a. A similar result must hold when the joint action of a positive 
and negative combiuation is considered, aud m, m' are a combination of the 
intrinsic and electric inertia terms, while n would now be a linear quantity 
defining the radius of the orbit. 

The coefficient of X»* is, as far as p or X~* enters, simply a generalised 
form of 



and I have little doubt that it could bo fitted with the data. 

There are always three positive values of p* for which pVD is a maximum. 
These are in the vicinity of 


m 




and 




The corresponding maximum intensities are in the ratio ^ 1 : 1 very 

nearly. 

If we choose ft so that the first comes in the observed range of wave* 
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lengths, the other two are in the ultra-violet, and if m'fm is small, thejr 
are ol slight importonoe os oompared with the first. 

If, and only in so &r as, Wien's and Stefan’s laws ore tme, we require to 
suppose that a varies os 0~^ and m varies os 6*, and the expression is then a 
tfmction of X0. The reconciliation of these with each other and with the 
virial theoron of Clausius is a matter of difficulty, but os the experimental 
evidence is that neither Inw is strictly tme, the matter may well rest for the 
present. 

These considerations, and the present estimates of atomic magnitudes, lead 
me to suspect that black body radiation is determined not by the electron, nor 
by the positive particle al<me, but by the joint action of the two. My 
conclusions are : — 

(1) That the experimental data can be well represented by a ’formula of 
dynamical type, of which I have given one. 

(2) 'Diat Newtonian dynamics and the electrodynamics of Larinor are 
capable of giving on explanation of that f<wmnla. 

[Wofe added October 23, 1913. — Planck’s radiation function has been applied 
by Einstein* and by Nemstf to the explanation of the vaiiation of atomic 
heats with temperature. By similar reasoning I find that if the radiation 
fiuiction varies as 



the typical term in the expression for the atomic heat varies as 



8 ^«* \ 


where 0q is some definite temperature. 

The following table gives the mimerioal values 



/(W. 

•/*.. 

/(»/«. 

0 

oooo 

4 

1-168 

3 

0-813 

6 

1-112 

2 

1-066 

10 

1-087 

3 

1 ‘181 mftxiiniiiii 

oo 

1-000 


The result is similar to that required to explain the observations of Nemst.] 

I would express my grateful thanks to Sir Joseph lArmor, who has 
discussed this paper with me, and by his suggestions has added so mnch to 
the manner of presenting the results. 

* ‘Ann. d. Pbya,’ 1907, v<d. 38, p. 184. 
t 'SiUbMr. d. BesL Afciid.,’ 1011, p. 494. 
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By R A. Houstoux, M.A., Ph.D., D.Sc., Lecturer on Physical Optics in the 

University of Glasgow, 


(Communicated by Prof, A. Gray, F.R.S. Received October 22, — Bead 
Novemlier 27, 1913.) 


In recent years, owing to the work of Rayleigh, Schuster, and others, our 
views as to the nature of white light have undergone a change, and it is now 
universally accepted that white light consists of irregular pulses which are 
transformed into trains of sine waves by their passage through a prism. 
Rut the method of this transformation is nut clearly understood, as the 
reasoning on the subject is unfortunately somewhat general, the only 
concrete case well known being the pulse Rayleigh represented by 
Had the nature of a light pulse been bettor understood, there might possibly 
never have been any talk of the “ Light Quantum ” or nuit theory of light. 

The object of this note is to call attention to a new class of expressions 
representing the initial form and dispersion of a light pulse. They are 
both simple and elegant, and one of them gives the energy distribution 
required by Wien’s law for black body radiation. They have been suggested 
by one of Kelvin's hydrudynamioal papers.* They do not depend on the 
Fourier analysis and this is an advantage, for we never know how much of 
the latter is subjective. 


Consider the equation 



a*x 


^ 0 . 


( 1 ) 


If we substitute Xa= Bin---^f— we find that ± T/2irr, ie. the 

equation represents the propagation of waves in a medium in which the 
velocity is directly proportional to the period. This is the law of deep-sea 
waves ; it is obeyed by no medium for light waves although it gives the 
variation with the period in the right direction. After the necessary 
corrections have been made the distribution of the energy in the spectrum 
of on incandescent solid is independent of the prism producing the spectrum. 
Results obtained therefore for a hypothetical medium obeying the above law 
can easily be transferred to any other medium. 



«±c 


a>x 

■5?- 


* " Initiation of Deep-Sea Waves, etc.,” ' Proe. Voj- 80 a Edin.,’ 1906, vol. 86 , p. 390. 
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Kelvin has already (loc, eiL) treated the case of a deep-sea wave having the 
first of the above initial forms, and has shown how the disturbance spreads 
within a distance of a few wave-lengths from the origin. But it is here 
necessary to proceed quite otherwise, since in optics the observer is always at 
a much greater distance than this from the light source. 

The quantity c is a constant for the moilium. I^et us fix it by supposing 
that a harmonic wave of wave-length X = 5 x 10“*^ cm. travels in the medium 
with a velocity of 3 x 10^** cm./sec. It has already been shown that the 
velocity of such a wave is rj'lirc. Hence putting r = 5 x lO^^/S x we 
obtain 


3 X 10*" 


5xl0-» 


or 


c = 


6 x 10--® 
27 r( 3 xl 0 “)» 


2irf(3xl0>'')’ 

9 X 10“®^ approximately, in (aec.®*/cm.). 


The initial disturbance is given by 

cos (a + 

* 

hence its value at the origin is 1 /A"****. If « be tlic abscissa of the point for 
which it has half its maximum value, 


co8(n-|-i)^ _ 1 

(A»-|-«7®"+i)/® < 2A«+i, 

rt® < A**(2^<2»+»-l). 


a can be taken as a measure of the breadth of the initial disturbance. 

We shall examine the disturbance when its maximum has travelled out a 
distance of 2 cm. from the origin, and shall suppose a small in comparison 
with 2 cm. Then in general A is small conquived with 2 cm. A wave for 
which X = 5 X 10'® would take § x 10'*" secs, to travel out 2 cm., and an 
irregular disturbance will take something of the same order. Wliile the 
disturbance is passing a point 2 cm. out. t will be about f x 10'*" secs., ai\ji 
consequently t?/c approximately 


The fact that t^jc is so large simplifies things veiy considerably. In (3) 
the only term to be retained is tliat of the highest power in t^fcy which is 
easily seen to be 


r 


v/(A+wf) L4c(A-hia;y*J 


i)$ ^ 




2 I 


▼OL, LXXXIX.— A. 
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Sinoe h is small oompond with x, we maj write x for p, hfx for cos 6, and 
1 for Bind. Hence, making this substitation, taking the real part and 
omitting the 4*6* in the denominator, we obtain 

(2«+ J)d}, 

whore 6 — tan~‘:K/A = |ir. Since <^/4c is of the order of 1*25 x lO^the first 
term in the argument of the cosine varies very much more rapidly than the 
second. Disregard the second, therefore, and we obtain finally 

^^|_g-w*<a*co8(<*/4ca;) or A cos (<*/4ef). (4) 


We shall now find the manner in which the energy is distributed over the 
different wave-lengths for a given value of t. The wave-length at x is 
given by 

^/1 L .'\=2 • 

4c\a' a:-fX/ 


i.e. 


-.0 % Swear* 


It thus increases as the square of tbe distance from the oi-igin. The energy 
in a distance dx is proportional to The change of wave-length in this 

distance is given by 

j/87rfir*\ \%vcxdx 

‘'‘•“n c ) — —■ 

The energy per wave-length is therefore 

x?*— _ X*""* * 1 g-(*/at)(«v/*) 

dK a*""*"* Ifiww \i^/ Ifiwc 

Substitute = 8wc/\ ; then the energy per wave-length is 

(Swfi )**'*'* I p-rtacIWw/X) ^ (8 ire)** 1 f.-*mhlk 

\»*+i 16 ire 2 \»»+' 

Wien’s law for black body radiation is stated as 

X® 

If a is put ss 2, the two expressions agree. Hence tbe second of our initial 
pulses must bo of exactly the same nature as tliat emitted by a black body. 
What is more, our symbol A varies inversely as T, the absolute tempeirature 
of the black body. The unexpected simplicity of the relation seems to pronrise 
well for the future of this way of regarding blank body radiation. 
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As a check upon the analysis we can calculate the energy in the initial 
pulse. It is given in the general case by 

Now', a: = A tan 0 ; therefore, dr = A sec* 0 d0. Also, h sec 0. On sub- 
stitution the integral becomes 

[ cos* (n + J) d cos 0^^^ d0. 


If 71 = 2, this varies as tlie inverse fourili power of h or the direct fourth 
I)ower of T. We have thus arrived at Stefan’s law of black body radiation. 

r^t iiH now definitely make = 2 and examine the shape of tlie pulse 
when its inaxiinuni has travelled 2 cm. from the origin. For the maximum 


± 1 

dr 




= 0 , 


which gives t = JCy/(9rf/i), Wo see incidentally that the group velocity 
is y/{hl9c). Writ© 2 for x in this expression for t and substitute the result 
in (4), at the same time putting n = 2. If wo omit the constant factor, 
(4) then becomes 


^ «-V*''co8(9/Ax), 


a.-"/!' 


This exjiressicm gives the disturbance as a function of «, and it is repre- 
sented in fig. 2. To make the figure clear h has been given the very large 
value of 


0 



5cnn3 

.j 


I’lo. a 


It will be seen from fig. 2 that the initial pultie has been dispersed by 
the medium into a train of waves all comprised between 1 and S cm., the 
long waves coming first and the wave-length gradually decreasing as we get 
to the rear of the train. There is, of course, a similar train travelling the 
other way at the same distance on the other side of the origin. The wave- 
length at the point of maximum amplitude, i.e. the dominant wave-length, 
is obtained by combining 

X =s 5.^2? and i = «y/(9 c/A). 

It is therefore firA and is always the some, i.e. the same wave-length 
always rides on the crest of the group. In the ease represented in fig 2, the 

2 I 2 
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dominant wave-length is 8ir/(9 x 15) s 0'186 cm., a very long heat wave. 
If it were green, at that distance out there should be roughly 3500 times as 
many wave-lengths in the train, but, of course, the number always increases 
the further the group goea 
The period of a wave r is given by 

. 2tT n 4 vex 

%jt. ^ = 2 IT or T = — — . 

iac t 

Hence the wave-velocity, v, is 

X_ 8'»rea!* t _^2x___ Avex 1 t 

T a* 4 vex t t 2ve ”” 2 wc ’ 

the same value as was obtained by substitution in equation (1). 

The dispersive power of a medium is usually specified by 

/*F— AH) 

A*D“1 

In our hypothetical medium the velocity varies as the wave-length, and the 
velocity for \ s 5 x 10"* is 3 x 10*** cm./sec. Consequently nn is not far 
from 1, and it seems more reasonable to measure the dispersive power simply 
by /tp— At(j> vrhich has the value 

5000 5000 _ 

4851 “6563 

For flint glass a^— a^ has the value 0 0193 and for air the value 3-1 x 10~o ; 
hence the dispersive power of our hypothetical medium is roughly 14 times 
that of flint glass and 10‘ times that of air. 

I am indebted to Dr. George Green for suggesting that Kelvin’s hydro- 
dynamical solutions might be applied to optics ; also for showing me an 
original derivation of Bayleigh’s energy law by the application of group 
velocity. 
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Note on the Colour of Zircons^ mvd its Radioactive Origin, 

Bj the Hon. R J. Struct, M.A., Sc.D., F.RS., Professor of Physios, Imperial 

Collej^, South Kensington. 

(Received November 11, — Read November 27, 1913.) 

Crystals of the mineral zircon are found in a variety of different colours. 
What I have to communicate refers to the brown kinds. (3f these, two may 
be distinguished : the common opuipie brown variety, easily obtained in 
large quantity from the South of Norway and from North Carolina, and the 
transparent reddish brown kinds known as hyacinth, and obtained, for 
instance, from Ex|r>ailly in Auvergne, from Unkel, on the Rliine, and from 
Campbell Island. Now Zealand. It is remarkable that the ojjaque kinds occur 
in plutonic rocks, such as syenites, and the transiiarent (when their matrix can 
he traced) only in basalts and other lavas. Their outline is roundeil, even 
when found, as at Unkel, embedded in perfectly fresh Imsalt. For this reason 
it has been supposed (and 1 have no doubt correctly) tiiat such zircons liave 
been derived from the melting down of plutonic rocks whieli originally 
contained them. Zircon, from its extreme resistance to chemical attack, 
would survive ahnost all other minerals. Iqcipient chemical attack would 
account for the rounded shape, which is in extreme contrast to the sharp 
crystal outline of the zircons in their original home in plutonic rocks. 

Hyacinths lose their retldish brown colour completely when heated to a 
temperature of about 300^ C., and this fact, considered in relation to their 
occurrence embedded in a solidified lava, presents at first sight no small 
difliiculty. How is it that they were not decolorised by the heat of the 
molten rock V Or, if they were decolorised, how has the colour been recovered ? 
For it will hardly be suggested lliat transparent crystals of a material so 
resistant have been coloured by any action of percolating water 

Another somewhat similar difficulty is raised by the fact that these 
transparent zircons are thermoluminescent, llie crystals, when moderately 
heated, give out a phosphorescent glow, at the same time that they lose their 
colour. But this glow does not recur on a second heating of the specimen, 
and the question presses for answer, How has the capacity to glow been 
recovered ? — for presumably it was not present in the crystals when they first 
cooled down in their matrix of molten lava. 

It is known that the crystals decolorised by heat have their colour 
restored by exposure to radium. One day’s exposure to a few milligrams of 
radium produces a distinct effect in restoring the colour. 

Exposure to radium also restores the property of thermoluminesoenco. 
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Now, as I showed some jean ago,* zircon is a distinctly radioactive 
mineral, Containing hundred of times as much radioactive matter as ordinary 
rock masses. It' is suggested, therefore, that the zircons found in kmas have 
had their colour and themudtmineeeenee restored by the slow action, during 
prolonged agm, of the radium they themselves eonJtain. 

On this view, it might appear that the depth of colour, taken with the 
amount of radioactive material present, and the observed rate of coloration 
by radium would give a means of estimating the time which had elapsed 
since the lava matrix became cool. Unfortunately, however, the colour of 
the zircons is sainraJted, that is to say, farther exposure to radioactive matter 
does not deepen it. To test this point, two transparent brownish-red 
hyacinths from Expailly were ground down to slices about 0'75 mm. thick. 
These were examined under a low microscopic power, as their area was 
somewhat small for naked eye comparison, and the depth of tint which they 
each showed by transmitted light was foiind to be as nearly as possible the 
same. One slice was exposed on the surface of 6 mgrm. of radium bromide 
with a very thin layer of mica interposed. After the lapse of a month, the 
tint was scarcely, if at all, deeper than that of the other, which had been 
reserved for comparison. The specimen was then decolorised by heat and 
i^n exposed to the radium. In four days it had recovered the original tint 
and did not get any darker with further ex}x>8UTe.f 

Wo oaunot, therefore, determine from the depth of colour what time has 
elapsed since the specimen cooled. It should lie possible to find an inferior 
limit to it, and this might be of interest in connection with the general 
quesUou of geological time, for the hyacinths of Expailly (for instance) occur 
in basalt which is overlain by strata containing extinct mammalian remains.} 
The chief difficulty in finding such a limit is this : The a-rays are probably 
the chief agent concerned in the colouring process, and as these only 
penetrate distances of the order of min., it would be necessary in 
determining experimentally the rate of coloration by strong radioactive pre- 
parations, to use slices of decolourised zircon of some such thickness as this. 
Unfortunately the colour producible in such thin layers is much too faint for 
measurement, and it would be necessary to superpose many of them. This 
would greatly complicate the experiment. 

The opaque brown zircons mentioned at the beginning of this note seem to 
be in a different state from the tran^rent hyacinths. For. as originally 

* * Boy. Soe. Proc.,’ 1906, A, vol. 78, p. IftS. 

f Decolorising by heat and recolouring by radium can be repeated indefinitely. 

I See Scrope, ‘ OMlogy of Central France.* 
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found, they are not tliermoluminesoent, nor can they be made so by exposure 
to radinm. Moreover thqr are not decolorised by moderate hwtting . 

Ab afready exphined, there is reason to believe that hyacinths are fmned 
from these opaque zircons by the action of a bath of molten basalt. It was 
attempted, and with partial success, to imitate this experimentally. Basalt 
tvas kept melted in a platinum onicible over a gas furnace, and some opaque 
ziroons immersed in it for 24 hours. After this they were extracted, and 
found to be quite white, though not transparent. On exposure to radium 
they now took on the rechler colour of hyacinths and became, like them 
thermoluminescent. 

The only outstanding point is the transparency of natural hyacinths. This 
may result in some way from the geiiUy'iucreasiug, very prolonged action of 
the rncdteu basalt under geological conditions, which cannot be artificially 
imitated. 


Intermittent Vision. 

By A. Mallock, F.R.S. 

(Received November 11, — Read Decemltor II, 1913.) 

It is a matter of fairly cutnmon observation that tho spokes of the wheels 
of passing motor oars often appear momentarily stationary, and sometimes 
even seem to be turning in tlic direction opposite to their actual motion. It 
was pointed out to me by the Hon. T. F. Fremantle that these appearances, 
which last only for a siuall fraction of a second, coincide with the steps of 
the observer, and are only noticeable when the speed of the vehicle lies 
between certain limits. On the one hand the motion must be too quick for 
the eye to follow the individual spokes, and on the other it must not exceed 
a certain limit, which is ap|»urently slightly different for different individuals. 

To examine the phenomena more closely and conveniently a 4>inch disc of 
black paper was prepared, on which 12 equally spaced radial white lines were 
superposed, and the disc was mounted on a heavy top, running on ball 
bearings, and which wlien spun lost its speed slowly. An electric contact on 
tho top in conjunction with a recording chronograph gave the angular speed 
at each instant, while another pen worked by the observer allowed signals to 
be marked on the chronograph paper, indicating according to a code the 
nature of the appearance of the disc in various circumstances. 

It was found that the lines on the spinning disc appeared stationary not 
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cnlj at each step, but that any slight mechanical shock, such as is given by 
gently tapping the head or body, or by working the jaws or by winking, was 
equally efficaoiouB. When the speed wm so low that only 9 or 10 lines 
passed a fixed point in a second, the appearance was merely that of ordinary 
*' flicker” and when 80 or more lines passed in the same time the surface 
looked uniformly grey, and in lx>th cases mechanical shock had no apparent 
effect. 

Figs. l-( S give an idea of the impression received at various speeds 
of rotation. 



4 


5 


6 


Figs. 1-6. 


The first thing noticeable after the angular velocity drops to about 
six revolutions per second {i.e. about 70 lines per second) is tliat at each 
shock the uniform grey surface seems to break into a number of radial 
lines; it is difficult to estimate their number, but a guess would put it 
between 40 and 50. This is the conventional way in which rapid rotation is 
suggested in drawings. When the speed has dropped to about 4*5 revolu- 
tions per second, the lines appear equally spaced (i.e. at intervals of 15°), 
fig. 6. At three revolutions per second the appearance is that of fig. 4, the 
lines being separated by their natural intervals of 30°. Above and below 
this speed the lines again are grouped in pairs (figs. 3 and 5), and at 
1*5 revolutions, the spacing becomes uniform at 15°, see fig. 2, rather better 
defined than in the corresponding fig. 6. 


tnt&rmUtmt Vmon. 
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At a lower speed still the lin^ again appear in pairs (fig. 1), but now 
flickering tends to obscure the effect. 

The intensity of the light has a good deal of influence on the result. In 
a feeble light very little can be seen of stationary images, and when the 
light is very strong flickering interferes before the stage sliown in fig. 2 is 
reached. 

An explanation of the above-mentioned phenomena can be given on the 
assumption that a slight mechanical shock of any kind product's a periodic 
but rapidly extinguished paralysis of the ijerception of liglit. (I have reason 
to believe that something of the same kind happens as regards sound but the 
observations in this case are not so easily made.) 


A 



Fio. 7. 


Suppose that the nerves on which “ seeing ” depends cannot bear more 
than a certain amount of mechanical acceleration without loss of sensibility, 
and let the curve A, fig. 7, represent the mechanical acceleration consequent 
on a shock or blow of any kind. Let B and C be two lines giving the limits 
of acceleration which does not produce loss of sensation. 

Then the effect of the shock will lie to extinguish the image of a bright 
object for the times indicated by the length of the shaded parts of diagram. 
The first recurrence of the image after the shock will last for a short time 
only, and thus if the object is in motion a fairly defined image of it will be 
seen at a distance from the first disappearance equal to its travel in the 
time D£. 

As the vibration consequent on the shock, dies out the time of visibility 
innrftaawi, the next eclipse being represented by FG, and so on. 

For the class of shocks which are considered here only two or at most 
three secondary images can be made out. 

More severe shocks cause a displacement of the directions of the eye 
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which dicplaoei the image on the retinst and it ia difficult to aaj what is 
seen ; but mechanical displacement of the image on the ratiiia without tuaa 
of aenribility does not explain the obserxed facta. For, ia thia caae, only 
those lines would be affected whidi were considerably inclined to the direetion 
of vibration ; and although the direction of the vibration (e.y. tiie applieatien 
of the shock to the top or sides of the head) has some effect on the pattern 
of the stationary lines, the differences are not large, and any shook makes all 
the radial lines visible, though in a sli^tly different degree. 

If the explanation suggested in this paper is correct it will be seen from 
. fig. 7 that there are two intervals of eclipse to each complete vibration, and 
that since, when the disc makes three revolutions per second, the lines have 
turned through their natural interval of 30” before sensibility is restored, the 
period is 18 per second. 

The chief interest of this intermittent vision lies in the definite period 
involved. What determines the period, however, is not clear ; it may bo merely 
the mechanical period of the head on its elastic supports, or on the other 
hand it may be a period belonging to the brain or nerves. That such a slight 
shook as that caused by opening the eyelids is effective, rather suggests the 
latter origin, whilst the fact that when the shock is caused by tapping the 
head or body the effect increases with the strength of the blow, is more 
consistent with a vibration of the heail as a whole. 
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A Method of Meamring Pressure Produced in the Detonation 
qf High Escplosives or hy the Impact of Bullets. 

By Bertram Hopkinsoh, F.R.S. 

(Received October 17, — ^ReacI November 27, 1913.) 

(Alntract.) 

If a rifle bullet be fired against the end of a cylindrical steel rod, or some 
gon-cotton be detonated in its neighbonrbood, a wave of preBSure is trans- 
nntted along the rod with the velocity of sound. If the pressure in different 
sections of the rod be plotted at any instant of time, the abscisste being 
distances along the rod, then at a later time the same curve shifted through 
a distance proportional to the time will represent the then distribution 
of pressure. Also the same curve represents the relation between the 
pressure across any section of the rod and the time, the scale of time being 
approximately 2 inches for 10~'^ seconds. In particular it re}>resents the 
relation between the total pressure applied to the end of the rod and the 
time, and the length of the curve represents the total duration of the blow. 

If the rod be divided at a point a few inches from the far end, the opposed 
surfaces of the cut being in firm contact and carernlly faced, the wave of 
pressure travels practically unchanged through the joint. At the free end it 
is reflecteil as a wave of tension, and the pressure at any section is then to 
be obtained by adding the effects of the pressure w'ave and the tension wave. 
At the joint the jiressure continues to act until the head of the reflected 
tension wave arrives there. If the tail of the pressure wave has then passed 
the joint the end-piece flies off, having trapped within it the whole of the 
momentum of the blow, and the rest of the rod is left completely at rest. 
The length of end-piece which is just sufficient completely to stop the rod is 
half the length of the pressure wave, and the duration of the blow is twice 
the time taken by the pressure wave to travel the length of the end-piece. 
Further, it is easy to see, as is proved in detail in the paper, that the 
momentum trapped in quite short end-pieces will be equal to the maximum 
pressure multiplied by twice the time taken by the wave in traversing the 
end-piece. Tims by experimenting with different lengths of end-pieces and 
determining the momentum vrith which each flies off the rod as the result of 
the blow it is possible to measure both the duration of the blow and the 
maximum pressure developed by it. This is the basis of the experimental 
method described in the paper. A steel rod is hung up as a Iiollistic 
pendulum, and the piece is held on to the end by magnetic attraction. 
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A bullet ia fired at the other end, and the end*pieoe is caught in a balliatio 
pendulum and its momentum measured. The momentum of the rod is also 
measured. 

Most of the experiments described in the paper were made with lead 
bullets with the object of checking the accuracy of tlic method. On the 
assumption tliat a lead bullet behaves on impact as a fluid the time taken 
completely to stop it, which is the duration of the blow, is equal to the 
time which it takes to travel its own length, and the maximum pressure is 
equal to the mass per unit of length in the section of greatest area multiplied 
by the stpiare of the velocity. The experiments showed good agreement 
between the observed and calculated values of the maximum pressure as is 
shown in the following table : — 


Volof ifiy of 

1 

Maximum pressure. | 

bullet. 




Calculated. 

Observed. | 

ft./Bec. 

lb. 

! 

lb. 

2000 

48.600 

42,600 

1240 

16.700 

lO.TO'^ 

700 

1 

6,460 

6,»20 


The oliserved duration of the blow is in the case of the liighest velocity 
about 6 per cent, greater than the time taken by the bullet to travel its own 
length. This discrepancy is to be accounted for partly by the fact that the 
bullet is really not absolutely fluid, but is also in part due to the non- 
fulfilment of some of the conditions postulated in the simple theory of the 
method. It seems probable that the principal source of error of the latter 
kind is that the pressure applied by the bullet is not uniformly distributed 
over the end. Experiments with rods of different diameter show that the 
larger ones give larger estimates of the duration of the impact. 

Having established by experiments on lead bullets that the method of 
experiment is capable of giving within a few per cent, both the maximum 
pressure and the duration of very violent blows, experiments were next 
made on the detonation of gun-cotton. Cylinders of dry gun-cotton 
inch X inch and weighing about 1 oz. were detonated with fulminate at 
a distance of about f inch from the end of the steel rod. The results may 
be expressed by saying that the average value of the pressure daring 
a period of 10~* seconds in the neighbourhood of the maximum is about 
thirty tons per square inch. The absolute maximum is of course consider- 
ably higher. The pressure has practically disappeared in 1/50,000 second, 
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that is at least 80 per cent, of the impulse of the blow lias been delivered 
within that time. Experiments were also made with gun-cotton in contact 
with the rod, but owing to the permanent deformation of the steel, which 
would have the effect of deadening the blow, the results in this case cannot 
claim to be precise. They lead, however, to the conclusion tliat the maximum 
pressure at the surface of contact is at least double what it is when an air- 
space f inch thick is interposed. 

The results obtained for gun-cotton, though Iscldng in precision, throw 
some light on the nature of the fracture which is produced by the detonation 
of this explosive in contact with a mild steel plate. They show that the 
pressure of the gun-cotton may be regarded as an impulsive force in the 
sense that only very small displacement of the steel occurs during its action. 
Its effect is to give velocity to the parts of the plate with which it is in 
contact, the remainder being left at rest. In a plate 1 inch thick the 
velocity given by a slab of gun-cotton of about the same thickness is roughly 
200 feet jier second. The resulting strain depends upon the ratio of this 
velocity to the velocity of propagation of waves of stress into the material, 
and, assuming perfect elasticity, shearing stresses of the order of 100 tons 
per square inch may be produced in a plate of this thickness. In static 
tests on mild steel the metal flows when the shearing stress is of the order 
of 10 tons per square inch, and no materially greater stress can exist. But 
if the rate of straining is suflicient, the viscosity of the flowing metal becomes 
important, and the shearing stress may approximate to the value corre- 
sponding to perfect elasticity. The shearing stress is accompanied by 
tension, which under such circumstances may be suffleient to break down the 
forces of cohesion. Thus the steel is cracked in spite of its ductility, just aa 
pitch may be cracked by the blow of a hammer. From the measured 
duration of the pressure produced by gun-cotton it may be inferred tliat the 
velocity of shear required to crack mild steel is of the order of 1000 radians 
im second. 

The shattering of tlie plate by the gun-cotton probably occurs during the 
timfl that the pressure is acting — that is within two or three hundred- 
thousandths of a second — and before the plate has had time to be sensibly 
deformed. The bending of the broken pieces, which is always found when 
mild steel is broken in this way, occurs subsequently, and is due to the 
relative velocities which remain in the different parts of each piece of the 
plate after the plate has been broken and the pressure has ceased to act 
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The Selective Absorption of Ketones. 

Bj Prof. Geokcik Gkkald Hendkkson, U.Sc., LL.D., and Isidor Morris 

Heilbron, Ph.D. 

(Communicated by Dr. O. T. Beilby, F.B.S. Received October 23, — Bead 

December 11, 1913.) 

The absorption of light by carbon com}K>unds is either continuous or 
selective, although not iiifreiiuently both kinds of ab 8 oq)tiDU are found to 
occur together. In the visible and ultra-violet portions of the spectrum the 
absorption is decidedly a constitutive property of the compound ; apparently 
the only additive relation is the effect of increasing the mass of the molecule, 
as, for instance, in homologous series, when displacement of the absoq)tion 
band towards the red accomjianies increase in the molecular weights. 

Hartley's pioneer work on absorption led him to lecognise clearly the 
dynamic nature of this property, and to arrive at the conclusion that it is 
caused by the vibrations of sub-molecular particles synchronising with those 
of the incident waves of liglit. Support is lent to this coticlusion by the 
observation tliat the absorption and emission spectra of simple substances 
are identuuil. As logards the nature of the particles to whose vibrations 
selective absorption is due, Hartley originally expressed the view that these 
must be atoms, or groups of atoms. More recent investigations confirm this 
opinion so far as the infra-red region is concerned ; but, on the other hand, 
according to Drude’a work on the electronic theory of dispersion and 
absorption, the particles whose oscillations cause selective absorption in the 
visible and ultra-violet regions are sub-atomic and probably correspond to 
the valency electrons. If this be so, the relations between the absorption 
and the constitiitiou of carbon compounds must be sought in the dynamic 
atate of the valencies of the absorbing group of atoms. 

As a general rule carbon compounds which exhibit selective absorption 
belong to the cyclic class, whilst aliphatic compounds show merely a weak 
general absorption. This rule, however, is not without exceptions, for it is 
now known that many aliphatic ketones, as well as their derivatives, which 
contain the — CHs— CO — or tlie — CO — CO — group absorb selectiyely in 
the visible or the ultra-violet region. Some at least of these oompouods are 
capable of existing in tautomeric modifications, namely a keto form 
B.CH 3 .CO.R' and an enol form B.CH:C(OH).B\ and it has been suggested 
that the absorption of these compounds is due to some intramolecular 
vibration which occurs when one tautomeric form changes into the other. 
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It is improbable that the osoillation of the labile hydrogen atom 

between the oarbon and the oxygen atoms, B.CHi.OO.B' ^ 1LCHKD(0H).B', 
is the immediate canse of the vibration, because the oscillation frequency of 
the abewptioa band is not materially changed when that hydrogen atom is 
leplooed by a metedlic atom of very much greater mass. According to the 
electronic theory the linkage between the atoms of a compound is formed by 
tbe migration of an electron, or a group of electrons, from one atom to the 
other, and a change of linkage must be accompanied by a movement of these 
valency electrons. Hence it is concluded that the absorption of such 
ketones must be due to the electronic distirrbance which results from the 
change of one tautomeric form to the other. 

The authors have studicxl the absorption spectra of a number of compounds 
containing the — CHj — CO — or the — CO — CO — group, as well as of such 
derivatives as their scmicarbazoncs, and are unable, for several reasons, to 
accept the view that the electronic disturbances which, doubtless, are the 
primary cause of absorption are the result of any tautomeric change. Thus 
the alipliatic ketones of the type B.CO.B' exhibit selective absorption, and 
yet it has been shown by a strictly chemical method that these compounds 
are entirely ketonio in structure, no trace of an enol form being perceptible 
even in presence of alkali. Again, ethyl acetoacctate exists in a keto form, 
CH*.C 0 .CHa.C 03 Et, and an enol form, CH«.C(OH):CH.COaEt ; neither form 
of itself exhibits selective absorption, but addition of alkali to each has the 
effect of producing a banded spectrum ; yet it has been proved that the 
characteristic absorption band is entirely independent of tautomeric keto- 
enol oscillation. Again, the authors’ results show that the oscillations which 
cause the selective absorption exhibited by the aliphatic ketones must be of 
the same type in each of these compounds, since each gives the same band, 
and consequently the suggested relationship between selective absorption 
and the activity of the carbonyl group in ketones induced by a keto-enol 
change cannot exist. 

The view has been advanced that in ketones the intramolecular vibration 
takes place primarily within the carbonyl group, which is to be regarded as 
the oscillation centre of those compounds. We hold that this is a correct 
view, and that if the residual valency of the carliouyl group is taken into 
aoeount it is possible to form a conception of a type of intramolecular 
fwnilUtinn which may be the cause of the selective absorption exhibited by 
ketones and their derivatives. 

Qebhardt’s theory of valency postulates for each atom a maximum affinity, 
whidi may or may not be fully called into play when atomic linkage takes 
irltrr Hence, since tbe total affinity of each atom remains constant, if for 
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any reason the bond between linked atoms is weakened residual affinity must 
appear on each as a free partial or ** ionised” valency. Suoii free partial 
valencies, which are capable of acting as subsidiary affinity forces, are most 
likely to appear on atoms linked by a double bond ; for example, the atoms 
of the carbonyl group (>C=0); or else may first be called into existence 
by other influences. 

Accepting these ideas in modified form, we suggest, firstly, that selective 
absorption in ketones is caused by intramolecular vibrations, due to the 
alternate formation and breaking down of unstable ring systems, and, secondly, 
that the momentary formation of those ring systems is effected through the 
agency of free partial valencies, which, under certain conditions, make their 
appearance on the atoms of the compound. 

In order to illustrate this suggestion, the case of acetone, CH3.CO.CH3, may 
be considered. According to our view, it is possible for free partial valencies 
to appear on the carbon and the oxygen atom of the carbonyl group of this 
compound, because the bond l)etween those atoms will be weakened by the 
attractive influence of a hydrogen atom on the oxygen atom. The momentary 
linkage, through a partial valency, of this hydrogen atom to the oxygen atom 
will weaken the bond between the former and the carbon atom to which it is 
linked, and a free partial valency will appear on this carbon atom also. 
Fig. 1, in which, 08 in the other figures, partial valencies are indicated by 
dotted lines, represents this phase — 

CHs— C CHa CHa— C::::^CHa 

0 H ^ 0 A 

• « 

Fio. 1. Fig. 2, 

The free partial valencies on the carbon atoms will tend to unite, but, we 
suppose, can only do so by drawing upon the affinity of the oxygen and 
hydrogen atoms, with the result that the partial linkage between them will 
be broken down and the phase represented in fig. 2 will be formed. This 
phase also will only have a momentary existence, because whenever the free 
partial valencies on the carbon atoms have neutralised each other, the first 
phase will be reproduced. In short, there will be an intramolecular oscilla- 
tion between the two phases, and it is to the electronic disturbances which 
accompany this oscillation that, we believe, the selective absorption of 
acetone is to be attributed. 

According to this view pi^ecisely idmilar oscillations should take place 
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within the molecules of the homologues of aoetone, and therefore each of 
^ese ketones should exhibit essentially the same absorption curve as 
acetone. Our experiments prove that this is actually the case. Moreover, 
we have found that the semicarbazones of acetone and its homologues, «.y., 
CH 

Cg*®>C=IT.NH,CO.NHa, exhibit only general absorption, and this result 

also is indicated by our hypothesis, for although in these compounds there is 
a double linkage between a carbon and a nitrogen atom, yet the attraction 
between hydrogen and nitrogen is not sufhcieiitly strong to cause the 
appearance of free partial valencies, hence the resulting intramolecular 
vibrations do not occur. 

The idea ot intramolecular oscillations arising from momentary ring 
formation can be extended to other groups of ketones, of which diacetyl, 
CH3.CO.CO.CII3, and acetyl acetone, CH3.CO.CHa.CO.CH3, may be taken as 
examples. The former exhibits an absorption band similai in kind to that 
of acetone, but considerably displaced towards the red end of the spectrum. 
In this case we suppose that a double oscillation of the same type as that of 
acetone occurs (figs. 3 and 4) — 
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Fig. 4. 


while, considering the position of the band, it is also possible that an 
additional oscillation arising from the union and disruption of the free 
partial valencies of the carbon atoms of the carbonyl groups may also take 
place (figs. 4 and 5) — 
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The absorption band of acetyl acetone is produced in quite different 
concentration from that of any of the simple ketones, and therefore in all 
probability must be caused by a somewhat different type ot intramolecular 
vibration. Bearing in mind tliat acetyl aoetone exists chiefly in the enol 
VOL. LXXXIX. — k. 2 K 
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foTUd, and that there is evidence that the intramolecular vibrations are not 
due to tautomeric change, we suppose that, whilst the oscillations are in 
this case also due to the ultimate formation and breaking down of an unstable 
intramolecular ring system, the ring is different in typo from that assumed 
to be found in the simple ketones, and that the oscillations take place 
between the phases lepreseiited in figs. 6 and 7. 



Fw. 0. Fig, 7. 


The examples quoted will, wo hope, serve to make our suggestions regarding 
the cause of selective absorption in ketones sufficiently clear. It remains to 
be added that further work is in progress which is intended to test the 
validity of these suggestions. 


Egyptian Blue, 

By A. P. Lauuik, D.Sc., F.K.S.E., W. F. P. McLintock, B.Sc., and 
F. D. Miles, B.Sc., A.B.O.S. 

((Communicated by Sir A. H. Church, K.C.y.O., F.RS. Received 
October 29, — Bead December 4, 1913.) 

The artificial blue pigment used in Egypt from the IVth Dynasty and also 
used widely during the time of the Bomau Empire has been investigated by 
many chemists, including Sir Humphry Davy,* Vauquelin,f H. de Fontenay,} 
Daroet, F. Fouqu4,§ and Dr, W. J, Bussell, r.R.S., but the exact nature of 
the compound and the manner of its formation do not yet seem to have been 
finally decided. 

According to Vitruvius, the blue was made by heating together a mixtute 
of copper filings, sand, and soda in a furnace. A great deal of information 

** “On Oolours in Use by the Ancients,” * FhiL Imrans.,” 1810. 
t ^PasBslBoqua'B (Catalogue,’ p. 289. 
t * Annales de Chimie,* aOrie 0, vol. 8, p. 193. 

§ * Bull Boo. des Mines de Fr^ce, vol. 18, p. 36. 
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has been obtained as to the actual furnaces used and the methods of heating 
which will be found in Notes on Egyptian Colours," by F. C. J. Spun‘ell| 
repiinted from the * Archaeological Journal,’ September, 1895. 

The temperature of the furnace was never sufficiently high to result in 
fusion, a mass of semi-fused frit being obtained which was easily powdered, and 
there is evidence that this frit was powdered aud reheated more than once in 
order to develop the blue. Modern chetuists have analysed samples of this 
blue, and have also made experiments on its reproduction. Wo do not 
propose to give an account of all these, but simply the summing up of the 
main facts which have led to the necessity for a further investigation. 

Fouquti* experimented upon samples of real Egyptian blue, and gives an 
analysis, from which ho comes to the conclusion that the blue was a double 
silicate of copper and calcium, for which he gives the formula CaO,CuO,4SiOa, 
and states that the samples he examined were entirely free from soda and 
potash. Ho then proceeds to state that this double silicate is a definite 
crystalline compound, of which the following are the characteristics ; — 

" The specific gravity is 3*04. 

** It is a crystalline substance, belonging to the quadratic system. It 
appears in the form of scales flattened jmrallel to the base of the prism, and 
often jagged at the edges, sometimes, however, ending in clear rectangular 
outlines. The diameter of these scales does not exceed 2 mm., their thickness 
rarely exceeds 0*5 mm. They are of a beautiful azure blue. 

** Seen in parallel light between crossed nicols tliey remain tinted in all 
directions. In convergent polarised light they display the cross and ring 
characteristic of uniaxial minerals. With a quarter-wave-length mica plate 
it is easy to determine the negative sign of the mineral. These scales, seen 
under the microscope on their edge, with interposition of a nicol, offer a very 
remarkable pleochroism. With the rays vibrating parallel to the axis, they 
are of a pale rose colour ; with vibrations in a direction perpendicular to the 
axis they are of an intense blue. 

“ The double refraction is 0*031.” 

Shortly after this paper by Fouqu^, Dr. W. J. Bussell took up the question 
of the nature of Egyptian blue, and, after examination of samples supplied to 
him by Prof. Flinders Petrie, proceeded to make a series of elaborate 
oxperiments on its reproduction. He has given an account of these in a 
paper printed in Prof. Petrie’s volume on Medum, and also in a lecture read 
before the Koyal Institution (1893). He states that he succeeded in making 
the blue from mixtures of copper carbonate, oAlcium carbonate, quartz sand, 
and fusion mixtures. He made a large number of experiments on mixtures 
« ‘Comptes Bandas^’ veL 108, p. 325. 


2 K 2 



420 


Dr. Laurie and Messrs. McLintock and Miles. 


in which calcium carbonate was an ingredient, and on several from which the 
calcium carbonate was left out It is not quite clear whether he re^rded 
the calcium carbonate as an essential constituent, and whether he considered 
that the sodium and potassium carbonates had also entered into the com- 
bination of the blue itself, or were merely there as fluxes. It is evident, on 
examining his notebooks, that Dr. Bussell had Fouqud's paper before him, 
because more than once he mentions trying Fouque’s receipt, in which 
potassium sulphate replaces tbe potassium and sodium carbonates, but he in 
no cose refers to the crystalline properties, or indicates that he has examined 
his samples between crossed nicols, so it would appear that he regarded 
Fouquii’s conclusions as of no importance. 

In the account given by Mr. Spurrell already referred to, after an 
elaborate description of the actual processes of manufacture as rediscovered 
in Egypt from the examination of remains of furnaces and of lumps of 
Egyptian blue that have been found, he proceeds to reject Fouqu4’s results, 
stating that his products could not be the Egyptian blue at all without soda 
as a necessary ingredient. 

A careful study of Fouqu^’s paper reveals the fact that he has made 
several contradictory statements as to the method of preparation of the blue, 
and it is impossible to derive from his paper any clear conception of how 
the blue was made. 

Our attention was directed to the matter from the fact that having got 
some samples of real Egyptian blue we proceeded to examine them between 
crossed nicols, and at once the crystalline character of the blue was revealed. 
The crystals were mixed with quartz and very often with a little lime, 
which may have been present from the beginning or may have been added 
as part of the mixture when the blue was used for painting. This directed 
our attention to Fouqu<i’s paper, and on making a more careful examination 
we found that the description given by him of the crystalline character of 
the blue was absolutely correct. 

We examined samples from the lid of a coffin of the Xlth Dynasty and 
from a piece of Boman fresco on tbe Palatine Hill, a piece of the crude frit 
obtained from the Manchester Museum, a piece of crude frit occurring 
among Dr. Bussell’s samples, twb samples from Yirioonium in Shropshire, 
a sample obtained in Syria, and another sample formerly in the possesuem 
of Dr. Bussell, from Gurob and the XVII Ith Dynasty. In every case 
these samples, obtained from so many different souroes and extending over 
Boch large periods of time, (trove to have exactly the same crystalline 
oharaoter. We have also obtained a sample from Knossos, which is typical 
Eigyptian blue. 
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It is evident then that Fonqu^'s description of the nature of this com- 
pound is correct, and it became of intei'est to examine the samples actually 
prepared by Dr. Russell to see whether they consisted simply of a semifused 
copper glass or of the properly constituted blue. 

Fortunately Dr. Scott was able to supply us with a lat^ number of these 
samples, and also to lend us the late Dr. Russell’s notebooks, by which we 
were able to trace his methods of prepai-atioTi. These methods can be 
roi^bly divided into two groups : cases in which the blue was prepared 
from copper carbonate, quarts, and fusion mixture alone ; and from copper 
carbonate, calcium carbonate, quartz, and fusion mixture. The samples we 
obtained were all nunibered and dated, so that it was possible to trace in 
the notebooks the processes through which they had been put. In the case 
of the samples containing caldum carbonate we found that in every instance 
they had been ground and reheated sometimes several times before the blue 
was properly developed, the sample after the first heating very often being 
black, the blue gradually improving with each new heating. In the case 
of the blue made without calcium carbonate the one Iieating seems to have 
been sufficient. 

In all we examined some 13 specimens of the blue prepared by Dr. Russell. 
Of these eight were prepared with calcium carbonate and five with sodium- 
potassium carbonate alone. The eight specimens prepared witli calcium 
carbonate were all genuine examples of the Egyptian blue, consisting simply 
of quartz grains and of the blue crystals, as far as could be detected under 
the microscope. Of the five samples made with sodium-potassium carbonate 
alone, two contained, a few very minute crystals of the right formation, 
probably due to traces of lime, the rest consisting simply of blue glass, and 
therefore proving not to be Egyptian blue at all. 

The enquiry up to this point had definitely established two facts. In the 
first place the Egyptian blue is correctly described by Fouqud as a definite 
crystalline silicate of copper, with the properties that have already been 
enumerated. In the second place Dr. Russell succeeded in reproducing 
this copper silicate by repeatedly grinding and heating at a temperature 
below fusion, a mixture of quartz, copper carbonate, calcium carbonate, and 
fusion mixture, but in the absence of calcium carbonate the blue was not 
found, with the exception of the occasional minute traOes mentioned above. 

At the same time it was evident that the exact conditions under which 
this crystalline compound was fomed had not been established, and therefore 
the following experiments were instituted. For these experiments, the 
following mixture was taken : Fine sand, 36 grm. ; fusion mixture, 4 gnn. ; 
copper carbonate, 8*6 grm.; calcium carbonate, 7*2 gnn. The copper 
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carbonate, and the caloinni carbonate are in the proportions given by 
Fouqud's formula. The amount of fusion mixture and of sand in this 
receipt is taken from one of Dr. Kuasell’s, with the exception that the 
amount of copper carbonate has been slightly reduced. 

The experiments were carried out in a Hersens electric resistance furnace, 
with a platinum-iridium junction introduced, with a view to measuring the 
temperature. A few grammes of the mixture were introduced into a small 
Battersea parting cup, whicli was about half full. As soon as the mixture 
had been heated sufficiently long to begin to set, a little piece of broken 
crucible was laid on the top, and the rest of the cnioible packed with 
asbestos. The thermal junction, which was placed in a double quartz tube, 
but with the end of the junction bare, was buried in the asbestos, the other 
junction being kept at about 20°, The temperatures were read on one of 
Paul's thermo-galvanometers. 

The sample was kept at a uniform temperature from 16 to 20 hours. 
The first batch inserted was kept at a temperature of 760°. On examining 
the product on the removal from the crucible, it was seen that the greater 
part of the mixture was still uncombiued, but at the same time the quartz 
had been slightly attacked, being covered partly with a bluish-green glass. 
The next batch was kept at a temperature of 800°. On examining the 
resultant mass a considerable quantity of an olive-green glass was seen to 
have been formed. There was still a certain amount of white nnconibined 
material, and a considerable quantity of black copper oxide. 

The next batch was run at a temperature of 830°. On examining the 
product under the microscope, it contained, as would be expected, a con- 
siderable quantity of uncombined and unfused quartz, and a certain amount 
of black, uncombined copper oxide, tho olive-green glass already described, 
and large quantities of the blue crystals, agreeing exactly in their optical 
properties with those found in the Egyptian blue in the correct samples 
prepared by Dr. Russell. 

On cutting a section through the mass, and mounting in Canada balsam, 
it was quite easy to see the colourless pieces of unattached quartz, with 
occasional particles of black copper oxide, and the blue crystals surrounded 
by a magma of the olive-green glass which was still present. 

Havii>g arrived at the temperature at which the blue was formed a gas 
muffle was, adjusted to the same temperature, and in this larger batches 
were madei In the case of these batches Dr. Birssell's plan of regrinding 
and reheating was adopted. By doing this two or three times the green 
glass completely disappears, snd only occasional traces of black copper 
oxide are left, the resultant mass consisting of the blue crystals and nneom- 



Egyptian Blue. 423 

bined quartz, and corresponding therefore to the lump samples of frit from 
the Egyptian furnaces, but much richer in the crystalline blue. 

The next sample was run in the same way in the electric furnace at a 
temperature of 906° This sample, on examination, proved to contain 
quartz, black oopi^er oxide, and olive-green glass, but no blue crystals at 
all. Evidently, therefore, the temperature at which these blue crystals are 
formed lies between 800° and 900°, and is somewhere about 830°. 

In order to confirm still further the limiting temperature of about 900° 
another batch was run at 890° The product was found to consist almost 
entirely of greeu glass, with a few blue crystals at the bottom of the crucible. 
It is evident then from these experiments that 900° may be taken as the 
limiting temperature. 

In a further experiment a little more of tho blue frit which had l)oen 
formed in the mufHe fuinace was taken and raised to a temperature of 
1160° It seemed to consist of quartz and bottle-green glass with no 
indication of the formation of cuprous oxide, as mentioned by Fouqu^. When 
heated at the lower temperature it at once recovered its blue colour, showing 
the reformation of the crystalline copper silicate. 

Another portion was put into a wind furnace and raised to a temperature 
of about 1400°, and then heated in an electric furnace at about 860°, when 
the blue was restored. 

The matter was pressed still further by taking a small portion of the 
blue frit from the niufHo furnace and fusing it before an oxyhydrogen 
blowpipe. This sample proved to contain some cuprous oxide wlien 
examined under the microscope, thus agreeing with Fouqu^'s descriptiuu. 
The button was then run for 48 hours at 860°, and the result was a brilliant 
blue mass which, on examination under the microscope, proved to contain 
Egyptian blue. 

These experiments, then, seem to settle conclusively the conditions as to 
temperature for the formation of the blue, showing that, even after raising 
the mass to the temperature of the oxyhydrogen blowpipe, the Egyptian blue 
crystallises out at a temperature of 850° 

These experiments show that the regrinding and relioating, which iniist 
have been the Egyptian practice, and which was also done by Dr. Russell, 
is not necessary for the formation of the blue, though it seems to be 
necessary in order to get the whole of the green glass converted into the 
blue crystalline compound. The main point of interest, however, revealed 
by these experiments is the formation of a crystalline silicate under 
conditions which, the authors believe, have not been formerly recorded. 

In the first place, the mass is far below the fusion point of the whole. If 
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the temperature is high enough, the ultimate result is to fuse the whole mass 
with the formation of a complex silicate, but at the temperature of 850^ the 
quartz is attacked far below its fusing point, and this crystalline double 
silicate is formed, the mass merely becoming pasty in the process, never 
reaching true fusion, and forming when cold a frit, which can easily be 
crushed in a mortar, like the lumps of frit found in the Egyptian furnaces. 

The next point revealed, which seems of considerable interest, is the 
narrow range of temperature within whidi this crystalline body is formed. 
On both sides of the region of temperature the result of the process is 
merely the formatiou of an olive-green glass, but within the right range tlie 
blue crystals are formed in the olive-green glass magma, disappearing again 
when the temperature is slightly raised. 

The next point to he investigated was the bearing of the proportion of 
fusion mixture oti the result. The original proportion of fusion mixture 
given in the formula at the beginning of the pajier was taken directly &om 
Dr. Eussell’s notebooks, and had been arrived at by him as the result of 
many experiments. Our first experiments were made with a view to 
finding what the effect of the increase of the amount of fusion mixture 
would be, and therefore a mixture was made up containing : fine sand, 15 ; 
calcium carbonate, 3*6 ; copper carlranate, 4*3 ; and fusion mixture 6 grm. 
instead of 2 grm. This was run for some 20 hours at 850*’, the result being 
complete fusion into a deep green glass, the quartz practically completely 
dissolving in the mass. 

An intermediate mixture was then taken, in which the mass of fusion 
mixture was reduced to 4 grm. This mixture did not fuse completely at 
850° into a glass, but was heavily fritted and contained some traces of blue. 

It is evident from these experiments that if the amount of fusion mixture 
is increased much beyond the limits described by Dr. Eussell, the copper- 
lime silicate does not crystallise out of the mass, but remains in solution as 
a green glass. 

The next experiment was in the opposite direction, the mixture being 
made up in the usual proportions, but containing no fusion mixture at all 
This was run for some hours at 850°, the result being that there were 
indications of a slight attack upon the quartz particles, but the whole mass 
had refused to frit It was then kept for a considerable time at a tem- 
perature of 1050°, the result being that, after 20 hours at this temperature, 
the mass was partially fritted, but contained large quantities both of cupric 
and cuprous oxide, and a certain amount of a yellowish-green ^ass. On the 
top of the crucible a few crystals of Eg^tian blue were found. The mass 
was then returned to the furnace, and kept at 850° for about 48 hours. On 
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examining it, a certain amount of Egyptian blue was found throughout 
the mass. 

It is evident from this experiment that Egyptian blue can be formed us 
stated by Fouqu4 without the intervention of soda or potash, and is 
therefore evidently a compound into which neither soda nor potash enters 
as an essential ingredient. 

A mixture was now prepared in which the amount of fusion mixture was 
reduced to 1 grm. After heating for Id hours at 850°, the mass was 
found to be very slightly fritted, and although the quartz particles showed 
alight signs of being attacked, no blue had lieen formed. It was therefore 
run for some 20 hours at 1000°, the result being that the whole mass 
was fritted, but contained no Egyptian blue. This mass was then run for 
48 hours at 850°, the result being the formation of large quantities of blue. 

It is therefore evident from these experiments that the formation of the 
blue does not necessarily depend on the presence of soda or potash salts, 
but without their presence the mass is so infusible that it is difficult to 
get the copper, lime, and silica to enter freely into combination. When 
the amount of fusion mixture is only 1 grm., the temperature of 850° is 
not sufficient to cause prr)per fritting of the mass and the solution of the 
lime and copper, but by raising the temperature to 1000°, the small 
amount of soda present is compensated for by the additional temperature, 
with the result that on again heating at 850° Egyptian blue is freely 
formed. 

If tbe amount of fusion mixture is raised to 2 grm. the best conditions are 
obtained, the temperature of fusion being sufficiently low to enable the 
mass to be fritted at 850°, while at the same time the fusion mixture is 
not present in sufficient excess to keep the copper-lime silicate in solution, 
so that it crystallises freely through the mass. If the amount of fusion 
mixture is increased much above this, the copper-lime silicate is kept in 
solution in a fused mass, and no blue is formed. 

These experiments then, with those already described dealing with the 
conditions of temperature, define the conditions for the formation of the 
Egyptian blue. 

As the Egyptians themselves had no pnre soda to use, it seemed of interest 
to prepare a sample with a soda of the same composition os the Trona 
which comes from the Egyptian desert A sample of soda was therefore 
made up containing the required impurities in the right proportions. 
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AnalTsis of Trona (probably from Wady Atran). G-iven by Klaproth.* 


Sod. sesquicarb 32*6 gnn. Water and insoluble omitted. 

Sod. sulphate 20*8 „ Insoluble not specified in 

Sod. chloride 15*0 „ analysis. 


The above mixture was introduced in place of the fusion mixture without 
altering the ])roportion8 of the other ingredients. On running this for 
about 40 hours at a temperature of 850-860°, large quantities of the 
Egyptian blue were successfully formed. We have also successfully pre* 
pared the blue with potassium sulphate as the fiux. 

For the purpose of analysis, some of the blue frit was taken which had 
been made in a muffle furnace, and had been re-ground and re-heated two 
or three times; 40 gi'm. were crushed, passed through a 120-mesh sieve, 
and then more finely groimd. The finely-ground mass was then heated 
for three hours with aqua regia in order to dissolve out the copper oxide, 
and washed with water. After stirring it was found that a good deal of 
bluish material remained for a long time in anspension. On examination 
this proved to contain none of the h^ptian blue, and was therefore rejected. 

The dry material, after this rough separation with water, was then mixed 
with broinoform of specific gravity 2*88, and treated in a centrifugal 
machine. After rotation, blue is found at the bottom, and a cake of 
lighter material at the top, which contains very little of the blue crystals 
in spite of a fairly deep colour. An examination of the heavy residue 
shows that it consists mainly of blue crystals, with a little isotropic, almost 
colourless glass. This glass is found in large quantities in the light material. 
To remove the last traces of glass the process was repeated, using a mixture 
of methylene iodide, and benzene of specific gravity 2*948. The material 
thus separated, on examination under the microscope, proved to be almost 
perfectly pure. It contained occasional crystals of blue, which were still 
united to fragments of quartz, but no glasa This material was therefore 
taken for analysis, and two analyses were made by fusion in the usual way 
with soda. 

The figures obtained compare as follows with those given by Fouqud. 
Fouqud states that the substance is a copper-calcium silicate containing 
no alkali. This statement we have been able to confirm to the extent that 
we find it quite possible to prepare the Egyptian blue crystals without the 
addition of alkali at all At the same time, it does not follow that when 
alkali is prmnt some of the copper, or calcium, is not replaced by the 
alkali metals within the crystal 

* Lunge, ‘ Snlphurio Add and AlkaU,' 188S, voL S, p. 61. 
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Fouqu^’s analysis is as follows : — 


SiOa 

63*7 

CaO 

14-3 

CuO 

21-3 

FeaOg 

0-6 


99-9 


This analysis is, we think, somewhat open to criticism, ns it is difficult to 
understand how, dealing with pure materials, he obtained such a laige quantity 
of iron, especially as we found that there is no iron present at all in the blue 
that we have made. 

The following are the results of two determinations of the silica, copper 
oxide, and calcium oxide : — 


SiOa 63-4 63-4 

CaO 14-38 14-35 

CuO 19-48 19-68 


It will be noted that the figures for silica and calcium oxide agree very 
closely with those obtained by Fouque, but the percentage of copper is 
slightly lower. 

A fresh portion of the separated sample already described was treated 
with hydrofluoric acid, with a view to making an estimation of the alkali 
metals, if they proved to lie present, and the results obtained are as 
follows : — 

KaO 1-J9 

XaaO 0-93 

The results add up to a total of 99-38 for our first analysis, and 99*45 for 
the second. 

These figures seem to us to make it highly probable that, in the presence 
of an alkali, some of tlie copper or calcium is i-eplaced by the alkali metals, 
and that therefore it is not correct to state that Egyptiim blue consists 
always and entirely of copiwr, calcium, and silica, but this may be taken as 
an approximate statement of its composition, which also approximately agrees 
with the formula given by Fouqu4 — CaO,CnO,4SiOa. 

In addition, we have determined the two refractive indices of the crystals. 
The refractive index of the extraordinary ray is practically the same os that 
of cassia oil, 1-606(3), whilst the refractive index of the ordinary ray, 
determined in a mixture of inonobromonaphthalene and quinoline, is 1*635(4). 

This gives for the double refraction e » 0*031, agreeing exactly with 
the figure obtained by Foaqu4. 
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Thanks to the kindness of Dr. J. J. H. Teall, F.R.S., we were enabled to 
examine a sample of the blue made by Fouqud, and we found that it was 
optically identical with our material. 

It is, perhaps, of some interest to speculate as to how this blue came to be 
discovered by the Egyptians, and we think the explanation is to be found in 
their method of glazing, which has been described by Mr. Burton in his 
paper on Egyptian Ceramics.* 

According to Mr. Burton, their copper glaze was somewhat infusible and 
not suitable for running on earthenware, and it was therefore their custom 
to carve out of sandstone various beads and other ornamental objects, and 
then glaze these with a copper glaze which ran easily when in contact with 
a siliceous body. As has been shown by these experiments, at the lowest 
temperature such a glaze would be bluish green, and at a higher temperature 
olive green, but there would also be a certain intermediate temperature 
between the two olive greotis in which the blue crystals of the silicate would 
be formed. It is therefore almost inevitable that in the process of glazing 
these objects carved out of sandstone, they would occasionally hit upon the 
temperature at which they got a deep crystalline blue, and this would very 
naturally lead to the attempt to prepare such a blue as a pigment by 
replacing the siliceous body by sand. In fact, one may say that the only 
change between their method of glazing on carved sandstone objects and the 
preparation of the blue itself was in replacing the lump of sandstone by sand, 
and in carefully arriving at the temperature at which crystalline blue would 
be fonned. It is therefore easy to understand how other races who have 
developed the art of coloured glazing on earthenware itself have never dis- 
covered tliis double crystalline silicate, and how it was discovered by the 
Egyptians owing to the peculiar method of glazing on sandstone itself, which 
they seem to have been familiar with from the earliest times. 

The special conditions under which this crystalline silicate has been 
fonned seem to us to contain certain elements of novelty. They are doubtless 
similar to those obtaining in the devitrihoation which takes place when a glass 
is kept at a temperature below fusion for a considerable length of time, and 
also to the conditions present in forming Portland cement. Although it is 
evident that the mass contains at the temperature of 850.* a oertain amount 
of glass in a state of fusion, yet the whole mass is never fused and is 
therefore not disturbed in the coarse relationship of its various parts, while 
the prooess by which the blue is formed seems to be due to the fused glass 
acting as a carrier, dissolving the lime, copper oxide, and quartz, enabling 


* ‘ Journ. Soa Arts,' 3rd May, 1818, Mo. BIOS. 
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them to combine and crystallise out, and then proceeding to dissolve further 
portions of these constituents. 

If the mass is reground and reheated several times, the amount of glass 
that can be discovered in the finished product becomes very small, the green 
glass completely disappearing, and it is conceivable that if a sufficient length 
of time had been given to the process, a very minuto quantity of glass would 
bo sufficient to net as a solvent and a carrier, and so produce ultimately a 
large quantity of crystalline silicate throughout the mass, while this glass 
itself might possibly devitrify at a lower temperature. The final result, 
therefore, would be that the arrangement in bulk of the moss of material 
would remain the same, that the temperature would never have been raised 
beyond the moderate heat necessary to fuse the low fusion glass, that a large 
amount of crystalline silicates would result, and that the amount of glass 
necessary to produce this would bo very small in quantity. These streoial 
conditions, therefore, for forming crystalline silicate seem to us worthy of 
further investigation, as they possibly have some bearing on the conditions 
which have occurred in Nature in certain cosea 

In conclusion, we have thought these re.sult8 worth publishing, not only 
because of their archteological interest, but because it is highly probable that 
there are many other crj’stalline silicates which can be forme«l in presence of 
excess of unfused quartz at comjMiratively low temperatures imder these 
special conditiona 
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the Specti'um in the X-ray Spectrmneter. 
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University of Leeds. 

(Received November 12, — Read November 27, 1913.) 

The construction and use of the X-ray spectrometer have been described in 
previous papers.* 

It is found that the relative intensities of the various parts of a spectrum 
may be greatly altered by changing the Crystal which is used in the spectro- 
meter. The present pa])er contains an account of experiments made to 
determine the origin of tliis effect. It is shown that it may be ascribed to 
well known discontinuities in the relations between the atomic weight of an 
absorbing screen and its power of absorbing X-rays of given quality. This 
cause operates through the absorbing action of the atoms of which the crystal 
is composed. 

It is convenient, in the first place, to describe briefly the fonn of the spectra 
emitted by anti-cathodes made of various materials. In the adjoining flgure 
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are shown the spectra of o8tuium,f iridium, and platinum, as given by the (111) 
plane of the diamond. The three allied metals here show certain common 
diaracteristics. Each spectmm contains, in the first place, a quantity of 

* ‘ Boy. SocL Proa,' A, voL 88, p. 488 ; voL 89, ppL S46 sad 878. 
t addtd NoMmber 87.— A (lotor examination of the rays iaraing from the osmium 

bulb shows that there are five similar triplets, the head of eai^ being identioal with one 
of the five platfanm Unes. 
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general radiation ; radiation, that is to say, which varies continuously in 
wave>length over a certain somewhat indefinite range. It is clear that there 
is a considerable amount of such radiation for all angles of setting of the 
ionisation chamber which arc le.ss than about 25° Ptrasibly this general 
radiation may eventually be found to consist in part at least of bands of 
homogeneous rays, but the resolving powers of tlie spectrometer are hardly 
sufficient as yet to determine the point. It maybe remembered that Moseley 
(uid Darwin,* using an apparatus of high resolving power, did not succeed in 
separating it into definite constituents. It is not, however, with this general 
radiation that I propose to deal at present. 

Each metal emits certain groups of characteristic homogeneous rays. Ilie 
characteristic rays of platinum divide thcmselve.s obviously into three groups 
which in the original jnperf were called A, B, and C ; the latter two are 
really double, as subsequent exiieriments have shown. Moseley and Darwin 
determined their spaoiugs witli great precision. Osmium also has throe 
groups placed in the same way as those of platinum, but, as might ^)erhap8 be 
expected from its lower atomic weight, they extend somewhat further into 
the longer wave-lengths. The iridium spectrum again contains three groups, 
placed in a somewhat similar fashion to those of its com{)anion metals, but 
they are not very strongly marked. Attention may be directed to the very 
strong peak in the osmium spectrum at 17*8°. If the s])ectrum had been 
given by rock salt (100), the angle would have lieen 13°. 

In fig. 2 are shown the spectra of palladium and rhodium. Their remarkable 
simplicity and strong similarity to each other are very noticeable. The 
crystal used is rock salt (100). The angles at which the lines occur are, in 
the case of palladium, 10*4° and 11*8°; in the ease of rhodium, 11*0° and 
12*6°. The wave-length of the more intense palladium line is 0*576 x 10“*, 
and of the more intense rhodium line 0*603 x 10~*. As has already been 
explained, the precision of these lines and their remarkable intensity in com- 
parison with the general radiation makes the rhodium and italladium bulbs of 
great service in the investigation of crystal structure. 

Fig. 3 diows the spectra of niokel and copper. Here, again, there are two 
noticeable lines in' each. They are of nearly equal intensity, but their relative 
spacings, strange to say, resemble closely those of the palladium and rhodium 
rays. The two copper lines are at 28*6° and 32*0°; the nickel lines at 
31*2° and 34*6°. If the spectra of the last four metals are compared it is 
seen that the wave-length increases as the atomic weight diminishes. 
The frequency is not quite proportional to the square of the atomic weight. 

* 'Fhil. Mig.,' Jane, IBiai 

t ‘Boy. Soa Proc.,’ A, voL 88, p. 488. 
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Possibly an exact relation of this kind might have been anticipated> as 
Whiddingtou has shown that the energy of the cathode ray required to 
excite an X-ray of given quality is pi-oportional to the square of the atomic 
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weight of the metal which emits that quality, and the quantum energy of the 
X-ray would be proportional to the frequency. 

Spectra of silver and tungsten have also been obtained, but no very 
remarkable chamcteristlc effects have yet been oliserved, except the existence 
of a small peak in tlxe tungsten spectrum at 25'8.* 

It should be mentioned that the form of the spectrum is influenced not 
only by the nature of the radiator and the nature of the crystal but also 
by the circumstances of its production. Characteristic rays always occur 
in exactly the same place, but their relative intensities with respect to one 
another and with respect to the general radiation are modified by such 
causes as the nature and thickness of the glass wall of the X-ray bulb, by 
the width of the slits, narrower slits giving higher resolving power, and no 
doubt also by the general form of the X-ray bulb, its state of exhaustion, 
the uatuie of the coil, and so forth. The spectra which are shown above 
are therefore examples made under circumstances which need special 
definition before they can be fully interpreted. It is only the positions of 
the various peaks representing the wave-lengths of the oliaraoteriatio rays 
which are invariable. 

The spectrometer furnishes us with an arrangement of radiations in the 
order of the magnitude of their wave-lengths, and we are therefore able to 
make measurements on the relation between the wave-length and the 
absorbing powers of various soreeneu 

* *Boy. Soc. Froo./ vol. 80, p. 847. 
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From the work of Barkla we oan anticipate the broad resalts of snoh 
measnrements. In papers published at various times Barkla has shown 
that each metal emits oharacteristiQ homogeneous rays, and that the rays 
oharaoteristio of any one metal can only be excited by rays charactoristio 
of metals of higher atomic weight than its own. This is at least tnie as 
long as we deal with waves of one series as defined by Barkla. He has also 
shown that homogeneous X-rays are strongly absorbed by any substance in 
which they can excite the rays characteristic of that substance. If, for 
example, we consider the absorption of rays by a nickel screen we find that 
the absorption coefiicient diminishes as the rays which we are considering 
are characteristic of chromium, iron, cobalt and nickel successively. Nickel 
itself is peculiarly transparent to its own rays. None of these substances 
are able to excite the characteristic X-rays of nic;kel ; but if we pass on now 
to consider the absorption coefficient of nickel for the rays emitted by zinc, 
we find a sudden and very lat^ increase. From this point onwards tlio 
absorption coefficient is of a higher order altogether, and though it again 
declines as the atomic weight of the radiator increases, it is evident that the 
coefficient has at a certain critical stage mounted to a much higher range of 
values. These facts are perliaps more easily expi^essed in terms of the results 
of the X-ray spectrometer, and it will be shown in a moment that the new 
experiments quite confirm them. 

Let us for example suppose that we had an X-ray spectrum in which 
the energy was so distributed among the various wave-lengths that the 
form of the spectrum was the straight line AB in fig. 4. Now let us imagine 



ourselves pl«M»ing in turn various absorbing screens in the path of the 1*78 
and remeasuring the spectrum in each case throughout its entire length. 
The in this figure are the angles of the ionisation chamber for 

rock-salt (100). The spectrum obtained after the insertion of a copper soreen 
would bo something of tlie form of the line marked “ Cu in the figure j for 
whereas copper rays ore themselves (see fig. 3) mnittied at angles 28'6" and 
▼ot. txxxix.— A. • 2 ^ 
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82^, these we know from Barkla's work must belong to the region of wave- 
lengths which are transmitted with particular ease, inasmuch as they cannot 
excite the characteristic radiations of copper, but for wave-lengths somewhat 
smaller than this we should expect a very marked increase in the absorption 
coefficient of copper, and this would be indicated by the sharp drop of the 
curve in the figuio. The subsequent slow rise as the wave-length further 
diminishes is meant to represent the fact that after this stage has been 
passed the absorption coefficient once more diininishea with the wave-length. 

Let us now proceed to consider actual experimental results. We cannot 
obtain a spectrum of the simple form of fig. 4, but we may use, for example, 
an osmium spectrum in which are represented waves of a large range of 
wave-length, though they may not all bo represented to the same extent. 
In fig. 5 are shown the spectrum over a range between 25° and 30°, when 
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zinc, copper, iron screens are successively phtoed in the path of the osmium 
rays. Zinc is transparent in the higher order to practically all the wave- 
lengths within these limits. Copper is transparent in the higher order only 
to waves past 27'5°. The insertion of the oopper screen has removed an 
important radiation at about 27^ transmitting easily the radiation of 28*6° 
Iron is not transparent in the higher order to any wave-length within this 
radiation. 

Hie peak marked « appears in all three, but this is as it should be, for it 
is the second order spectrum of the strong osmium band at 13° and 





435 


Spectrum in the X-ray Spectrometer, 

poBsefiBes the penetratiiig power of that band. The penetrating power of the 
band at 13° is high because the wave-length is small. Tliough it lies on the 
wrong side of the critical points of the zinc, copper, and iron curves of fig, 6, 
it is far distant from those points. The same effect may be shown by the 
use of the rays from a platinum bulb. The platinum rays have a strong 
peak at 27°, which I have termed A on previous occasions. The figure (fig. 6) 
shows the spectrum of platinum between 20° and 30®, first when no screen is 
placed in the path of tlie rays, secondly when a zinc screen is placed in the 
path of the rays, thirdly when a copper screen is ititerj)osed. I’he figure 
shows that the zinc is relatively opaque to all rays at smaller angles than 27°, 
but transmits easily the strong radiation at that angle. Copper, however, is 
opaque to rays at 27° also. Thus the division between lelative transparency 
and opacity is sharply marked ; an atom of weight 65 transmits rays at 27^ 
and an atom of weight 63 does not. The same effect is illustrated again in 
5g. 7, which shows the effect of placing a palladium screen in front of the 
rays from a palladium bulb. It will be observed that, while the palladium 
rays themselves are transmitted in considerable 
quantity, all the rays to the left of tlie 10° are 
very largely absorbed. 

Let us now pass on to consider what happens 
when the atoms in the crystal itself are such as 
to be relatively opaque to portions of the incident 
radiations. Fig, 8 (c) shows the spectrum of 
platinum rays reflected by a crystal of zinc 
blende. If we compare this with the form of the 
spectrum as given by rook salt (fig. 8, a), we 
observe that the peak A is very largely increased 
relatively to the peaks at B and C, From what 
has preceded a very simple explanation is at once 
forthcoming. The rays at 27” (in XaCl, or 24° in 
ZnS) which constitute the A peak penetrate the 
zinc with comparative ease ; the rays at 23° and 
19° (about 20° and 17° in ZnS) are very quickly 
absorbed by the zinc ; consequently there is little 
opportunity for their energy to be scattered or 
reflected, since the great bulk of it is quickly taken up in other ways. 
These other ways we know from previous experiments to be wholly or at 
least in great part the conversion of X-ray energy into cathode ray energy. 
When the quality of the X-ray is such as to be able to excite the 
characteristic radiation in a substance on whicli it falls, there is at the 

2 L 2 
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same time an unusually large expenditure of energy in the produotion of 
cathode rays. 

An experiment such as that shown in fig. 8 (c) above may be taken to 
indicate therefore that the scattering which is the basis of the reflection of 
X-rays does not display the same marked change as the absorption coefficient 
does on passing through the critical value. Zinc blende gives a very large 
reflection of the peak A because the zinc is relatively transparent to the 
rays at 27°. In this region of the spectrum much less energy is si)ent in 
making cathode rays and there is much more available for reflection. There 
is no evidence as yet that the magnitude of the A peak as given by zinc 
blende is due to any special response of the zinc to the rays at that point ; 
the effect is simply explained as a consequence of the peculiar absorption 
laws. We may test this hypothesis further in the following way. If we 
take crystals which contain an atom whose weight is somewhat larger than 
that of zinc we ought to find that the line of division between relatively 
high transparency and absorption has moved towards the left into the 
radiation of smaller wave-lengths. In fig. 8 (i) is shown the spectrum of the 
platinum rays given by a crystal of sodium arsenate. Here it will be seen 
that both the peaks A and B are now strongly represented, but C remains 
still very small. The reason is that arsenic absorbs strongly all rays to the 
left of about 22° when the spectrum is given by NaCl (100); this is 
equivalent to about 21° in sodium arsenate. A crystal containing bromine, 
such as potassium bromide, allows rays to pass through which are short 
enough to include all the three groups of platinum or osmium. In the 
figure (fig. 9) is shown the spectrum of the osmium rays given by potassium 



bromide and the three groups are now shown more nearly in their proper 
proportions. There should be a strong peak at 10*6° namely, that which 
occurs in the rock salt (100) spectrum at 13°, as has been mentioned already. 
This is almost completely destroyed in the present spectrum, for bromine is 
relatively opaque to the rays of that quality. 

The main result of these experiments is to show the influence of the 
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weight of the atom in the oiystal on the form of the spectrum. Within 
a region of atomic weight from 40 upwards, certain remarkable disoon* 
tinuitieB of absorption occur in the manner explained above. When such 
atoms are present therefore in the crystal and the radiations divide 
themselves between those which lie on the one side of a critical point and 
those which lie on the other side, the spectrum will also show a sharp 
division at that point, being far stronger relatively on the one side than on 
the other. As to the influence of the weights of the atoms in a crystal 
when they are smaller than 40, we have still to take into account the very 
remarkable change in their absorption coefficients to all X-rays which occur 
when we pass from atoms of carbon and oxygen and so forth to atoms of 
aluminium or chlorine. Barkla bos shown that aluminium absorbs all 
X-rays nine times as much as carbon, weight for weight. If the scattering 
power does not vary in the same abnormal way, then we should expect that 
a crystal of small atomic weight would be an exceptionally good reflector, on 
the same principle as before, that the less energy spent in absorption, the 
more there is available for scattering. We should expect, therefore, the 
diamond to give strong reflections apart from other reasoiuL This is well 
known to be the case. The diamond, moreover, gives reflections at far 
larger angles than other crystals. It must go a long way to explain this, 
that the spacings of the planes in the diamond are small, and therefore the 
spectra are thrown to wider angles, and also, that in a case where so much 
energy is spent in reflection, second-order spectra will be more obvious. It 
is quite possible that thermal agitation may have less influence on reflection 
intensity in the case of the diamond than in the case of other crystals, but 
these experiments show that good reasons for the peculiarities of the diamond 
reflection are already to be found in other directions. 

It is very important to know the exact nature of the law connecting the 
atomic weight with the amount of scattering. The above experiments show 
t-hat there are not the same abnormal variations in the amount of scattering 
as we proceed from lower to higher atomic weights as there are in the case 
of the absorption coefficients. Certain experiments which have been made 
my son and myself indicate that the law is one of simple proportionslity ; 
t h a t is to say, the amplitude of the scattered wave is proportional to the 
weight of the scattering atom. At any rate, certain results, to which I will 
now refer briefly, are very simply explsdned on this hypothesiB. 

A structure of the diamond, founded <ai measurements made with the 
X-tay spectrometer, has been explained in a recent paper.* It was pointed 
out that the second-order qieetrum given by the (111) plane disappeared in 
* ‘Boy. floo. Proc.,’ A, toL 89, p. 877. 
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consequence of the peculiar spacing of the planes. Zinc blende has the same 
oonstmotion as the diamond, except that the two interpenetrating lattioes 
are composed of zinc and sulphur atoms respectively, and ore therefore of 
different weight, while the two lattices of the diamond are both composed of 
carbon atoms, and are therefore of equal weight. The disappearance of the 
second-order spectrum referred to may be considered as due to an inter- 
ference between the effects of the two lattices. When these two lattices are 
no longer of equal weight, the interference is incomplete, and accordingly 
the (111) spectrum of zinc blende gives a small second-order spectrum. 

In the case of fluor^r, the first order spectrum of the (100) planes and 
the second order spectrum of the (111) planes have again disappeared, or 
very nearly so. In this case there are three lattices. The two fluorine 
lattices can be derived from the calcium lattice by equal simple translations 
in opposite directions along a cube diagonal; the amount of translation 
being a quarter of the length of the diagonal. The result is that the 
(100) planes contain calcium atoms and fluorine atoms alternately. There 
are two fluorine atoms to one calcium atom and therefore the weights in the 
planes are approximately equal, as in the case of the diamond. The dis- 
appearance of the first order spectrum mdicates, therefore, that the conditions 
for mutual interference are satisfied when the weights are nearly equal, 
independently of the fact that in the one case the weight is due to calcium 
atoms and in the other to twice as many fluorine atoms. Weight alone and 
not atomic nature has determined the amount of scattering. The disappear- 
ance of the second order (111) spectrum is explained in the same way. 

Other illustrations of the proportionality between scattering power and 
atomic weight are to be found in a comparison of the spectra of the various 
members of the calcite series. This point, with its bearing on the analysis 
of crystal structure, is more fully considered in a separate pa 2 )er by 
W. L fitigg. 

Mr. W. L Bragg and Mr. S. £. Peirce have kindly helped me to make some 
of the measurements referred to in this paper. 
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A Simple Form of Micro-Balance Determining the Densities 
of Small Quantities of Gases* 

By F, W. Aston, B.A., B.So., A.LC., Trinity College, Cambridge. 

(Communicated by Prof. Sir J. J. Thomson, O.M., F.B.S. Beceired 
November 13, — ^Read December 11, 1913.) 

In some work on the homogeneity of atmoHpherio neon it was desirable to 
adopt a method of determining gaseous densities which could be easily an<l 
quickly performed with a very small volume of gas without risk of loss or 
contamination, and which in addition would yield results reliable to about 
01 per cent. 

The standard method of weighing a known volume of the gas on an 
ordinary balance yields results of the highest accuracy so long as that volume 
is large enough. As O'Ol nigrra. may be regarded as the ordinary limit of 
accuracy of the chemical balance at least 10 mgrm. of the gas would be 
required, and even if this quantity (rather more than 10 o.c. at atmospheric 
pressure in the case of neon) had been available, the elaborate precautions 
necessary to obtain 0*1 per cent, accuracy would put the method out of court 
on the consideration of time alone. 

On the other hand the ingenious method devised by Schloesing* could 
hardly be expected to give results of this accuracy, and is also open to 
objection on the score of contamination. 

Inasmuch as the accuracy of determination of the density of a very small 
quantity of gas must ultimately be limited b/ the sensitivity of the balance 
employed, it seemed to me that the most hopeful solution of the problem was 
offered by the quartz mioro-balance first de.scTibeil by Steele and Grantf and 
subsequently used with such notable results by Gray and EamsayJ in their 
determination of the density of radium emanation. 

This instrument, which can be made of a sensibility of 10"® grm., was 
made with a small quartz bulb fixed to one end of the beam, the weighings 
being done by altering the pressure of the air in the balance rase. By 
knowing the buoyancy of the bulb and observing the pressure necessary to 
bring the beam to zero, the weight at the other end of the beam could be 

oaloaUted. If, however, we alter this procedure and balance the bulb by a 

fixed counterpoise, the pressure necessary to bring the beam to zero will be a ' 

* *GoinptM Bendus/ 1898, vol. 196, p. 220 and 476. 

t * Roy. Soc. Proc.,’ 1909, A, voL 82, pw 680. 

X * Boy. SoCi Proc./ 1910, A, vol 84, p. 566. 
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iMonure tf tAe density of the gas in the haUtnee case. This is the principle of 
the method here described. 

It will be seen at the outset that the balance is u^ed as a truly null 
instrument, all the forces on the beam, with the single exception of surface 
pressure, being identically the same whenever a reading is taken, so that the 
most sweeping simplificationB may be made in its construction. 

The general arrangement of the instrument can be seen in the accompanying 
diagram, which shows it in plan and elevation. 




View and Plan of Balance and Gaae, about half actual size. 

The moving part of the balance is made entirely of fused quartz (shown 
blacky It turns upon a single knife-edge out on a piece of quartz rod about 
0*6 mm. thick. The one on the balance at present in use was ground for me 
by Messrs. Hilger, but very satisfactory ones can be made by the method 
^ven by Steele and Grant (loc. eit.). 

To this rod, a few millimetres above the knife-edge, are fused two others of 
about the same thickness forming the arms of the beam. To the end of one 
arm is fused a quartz bulb and to the other a counterpoise made of a piece of 
rod about 2 mm. thick. 

The quartz rods and bulb whre supplied by the Silica Syndicate, Ltd., the 
latter bad a volume of about 0*3 o.a, and as the density of air is negligible 
compared to that of quartz, it was sealed up without exhaustion. 

The assembling of the beam was done by means of a small oxy-coal-gas 
flame, and proved a surprisingly easy operation, the one in use at present 
being made and roughly adjusted in a quarter of an hour. It has a total 
length of about 6 cm., and weighs under 0*2 grm. 

Adguetmewt of the Batarux. 

This is done in two stages, the first consists in bending the arms and 
adding or subtracting small quantities of quartz to or from the counterpoise 
until the whole swings evenly when supported on the knife-edge in the open 
air, and has a fairly long period of swing. This operation is also much easier 
than would appear at first sight, for fused silica lends itself particularly well 
to this kind of work. 
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The fine adjustment is, however, a much more troublesome operation, as in 
this the balance can only be tested at about the pressure at which it is 
required to work. It is obvious that, given sufiicient sensitivity, the smaller 
the working pressure in the balance case the less the quantity of gas 
required for a measurement. On the other hand, as an accuracy of 0‘1 per 
cent, was desired, it was decided to employ a pressure which could be 
measured to that degree without elaborate apparatus, in practice about 
100 mm. of mercury. 

Tor this adjustment a rough balance case was made of a piece of glass 
tube closed at one end by an accurately fitting rubber stopiter, which could 
be easily removed to admit the balance. Inside the tube was a piece of 
plane quartz mounted horizontally on a piece of sealing-wax to support the 
knife-edge. The other end of the tube was connected to a mercury mano- 
meter and, by means of a three-way tap, either to the atmosphere or to a 
reservoir kept exhausted by means of a filter-pump. 

The procedure was quite simple. The roughly adjusted beam was taken, 
and a small excess of quartz added to the counterpoise ; it was then placed in 
the tube and the latter exhausted, and the pressure at which the balance 
turned over observed. If this was too high, the end of the counterpoise was 
drawn out into a thin tail ; if too low, the end of this tail was allowed to fuse 
up into a knob. The latter adjustment was invariably the final one, as by 
this process, if the time of immersion in the flame is judged with care, the 
C.G. of the lutlance can be moved towards the bulb with the greatest possible 
delicacy. 

In general, the sensitivity of a balance can be conveniently judged by 
observing its period of swing, but, in this one, so large is the surface of the 
bulb in relation to the whole moving mass that the latter is nearly perfectly 
dead beat, so that its sensitivity is best measured by observing, by means of 
a microscope, the movement of the tail corresponding to a definite small 
change of pressure. The actual adjustment for sensitivity is carried out by 
adding or subtracting minute quantities of quartz to or from the top of the 
rod carrying the knife-edge, which is left projecting for that purpose. 

After every trial air must be admitted, and the balance taken out and 
reac^usted, and as the greatest care must be observed not to damage the 
knife-edge during so many manipulations this " vacuum ” adjustment puts a 
somewhat severe tax on one’s patience. It can usually be completed in an 
hour or so, after which the balance is thoroughly annealed and cleaned by 
^ the methods recommended by Steele and Grant {loe. eU.). 
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The Balance Case. 

This is made of pieces of glass cemented together with sealing-wax as 
indicated in the figure, in order that the quantity of gas used might be as 
small as possible, the narrow part of the balance, i.e. all but the bulb, is 
contained in a cell about 3 mm. wide, made of thick plate glass, and in order 
to cut down the volume still further a portion of the upper side is cut away, 
as indicated, to make room for the highest central part of the beam. The 
bulb is housed in a glass tube, which in its turn is closed by a glass plug 
with a flat face pushed in as far as possible without actually touching the 
bulb itself. 

The plane upon which the knife-edge rests is a small piece cut off a 
parallel quartz plate (ground by Messrs. Hilger) and cemented on to a glass 
support which rests on the bottom of the cell. Owing to its very small 
dimensions, a few square millimetres, the adjustment of this plane to on 
accurately horizontal position appeared, at first sight, to present some 
difficulty. This, liowever, was easily surmounted by the following very 
simple device : — 

Two small plumb-bobs were suspended by pieces of white thread behind 
the balance case at such a distance apart that they subtended about a right 
angle at the quartz plane. The thread of one of the bobs was then observed 
together witli its mirror image in the quartz plane from a point a few inches 
above and in front of the latter, and the whole balance case tilted until the 
two lay exactly in one straight line. This was repeated with the other bob, 
and when both satisfied this condition the balance was permanently fixed in 
position. It is clear that, subject to the sides of the cell being optically good, 
the plane must now be truly horizontal. 

The balance case is connected by a short piece of capillary tube, as a 
precaution against an accidental destructive inrush of gas, through one stop- 
cock to the gas-admission apparatus and pump, and through another to the 
short limb of the manometer. 

This is nf the simple U-fonn, the two limbs being made of tube of identical 
diameter (about 1 cm.). The longer limb is exhausted as highly as possible 
and sealed off. The level of the mercury in the U is accurately controlled 
by the pinchcock and squeezer device described by Lord Eayleigh.* The 
reading of the difference of level is done by means of brass sleeves, as in the 
ordinary barometer, the one carrying a scale and the other a vernier reading 
to 0 05 mm. 

When the balance is not in use the case is kept completely exhausted, the * 
* ' Phil. Trana/ A, toI. 190, pi 911. 
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uptilted tail lying in the upper of the two small quartz forks fixed inside the 
case, in the position shown in the diagram. 

As a precaution against draughts or other exterior disturbance, the wliole 
balance case is surrounded with a lead box, which also contains a thermo- 
meter reading to 0-1^ C. 

The balance case, the manometer, and the tubes through which the gas was 
admitted had a total volume of only a few cubic centimetres, so that the 
guantity of gas necmaiy to make a determination amounted to 0*45 c.r, in the 
ca^ of oxygen. 

Method of Taking Mecumvemenie. 

About the right volume of gas, generally known from previous experience, 
is admitted into the balance case and manometer, and the mercury level in 
the latter slowly raised (increasing the pressure in the balance case) until the 
bulb rises and the knob at the extremity of the counterpoise appears on the 
field of a fixed reading microscope. The pressure is then carefully adjusted, 
by means of the squeezer, until the knob reaches some definite arbitrary zero 
point, and shows no tendency to move. The pressure is then read off. The 
gas is now pumped out and the operation repeated with a gas of known 
density, the ratio of the densities being clearly the inverse of the pressures 
read. 

Behaviour of the Balanne in Practice, 

The instrument was primarily designed to compare the densities of 
specimens of neon. The bulb has a buoyancy corresponding to 0*3 c.c. This 
volume of neon at a pressure of 100 inin. weighs about 0*04 nigrm. ; hence 
to give an accuracy of O'l per cent the balance must be sensitive to 
0*00004 mgrm. There is, however, not the least difficulty in obtaining ten 
times this sensitivity. 

The distance from the knife-edge to the knob at the end of the counter- 
poise is about 3 cms. The reading microscope has an eyepiece scale of 
40 wide divisions to the millimetre. In the case of oxygen tlie knob of the 
balance now in use moves 30 microscope divisions for a change of pressure of 
1 mm. in the manometer. So excellent is the definition that a change of 
position oorresponding to 0*05 division could easily be detected, this implies a 
sensitivity of 10~* mgrm., about the same as that attained by Steele and 
Grant. 

When the gas is let into the evacuated balance case, the tail generally tends 
to stick in the fork ; the pressure must then be raised rather above that which 
should be sufficient and the floor of the room lightly tapped with the foot. 
This is the only form of release as yet found neoessary. 

The damping due to the volume of the bulb has already been mentioned, it 
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is quite marked in tiie open and is increased very greatly by the olose*iitting 
walls of the balance case. This constitutes one of the greatest Tirtnes of the 
instrument, as not only does it mean that the tail follows change of pressure 
with admirable fidelity, making the setting rapid and easy, but since it is 
literally impossible to make the beam move rapidly enough to do itself an 
injury it will suffer the most incredible ill usage, and in addition give accurate 
results under very unfavourable conditions as regards vibration. Thus the 
one at present set up on an ordinary laboratory table will give quite 
satis&otory readings even while two liquid air machines and a laige gas 
engine, etc., are running in the next room. 

The only serious fault of the balance is the tendency of the zero to alter. 
When the first one was set up this was so pronounced as to render the 
instrument quite useless, as it was out of all proportion to the sensitivity; 
New beams, planes, and knife-edges were tried and radioactive matter 
introduced to eliminate electrostatic effects with little or no result, and, in 
despair, the thing was left to itself (in an evacuated state) for several days. 
On trying it again the disturbances had almost disappeared, and a week or so 
later the zero could be trusted to remain constant for a reasonable time. 

This effect has not yet been satisfactorily explained, but I am inclined to 
put it down to actual distortion of the beam due to insufficient annealing, the 
effects being much more serious than those noticed by Steele and Grant on 
account of the more rigid construction of their beam. 

The Influence of Temperature. 

In the measurement of density by the ordinary method, temperature and 
its exact measurement play an important part. The density globe must 
remain for a long time in a bath of known temperature before it is detached 
from the manometer, and should hang, for hours if the highest aoouraey is 
desired, in the balance case before its weight is determined. By the present 
method these delays are entirely eliminated, for so minute is the quantity 
(about O'OOOS grm.) of gas employed that when this is compressed inside the 
massive walls of the balance case thermal equilibrium is almost instan- 
taneous. The whole operation of determining the density of a gas to 0*1 per 
cent, can he completed in 10 minutes (this time including that necessary for 
admission and subsequent exhaustion of the gas). 

Such speed makes the temperature correction for zero quite unnecessary, 
as it is safer to take a reading with the standard gas either before or after a 
set of measurements is made, during which the temperature of the balance- 
case never alters enough to aflfeot the fourth place in the results. This cheek 
also eliminates any error due to the oreepii^ of the zero already alluded to. 
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Oxygen derived from potassium permanganate and purified over potash 
and phosphorus pentoxide was adopted as the most convenient gas for 
standardising purposes. Pure dry cur also was used, comparisons between 
the two serving to show how reliably the balance was working. In some 
oases, however, such as the comparison of the densities of several samples of 
the same gas for purity, the standard gas is not required, as for this purpose 
the readings of pressure are themselves quite sufficient. 

The following are a few typical readings for oxygen and air, together with 
the density of the latter derived from them if O =s 16 : — 


Oxygen .... 

.. 65-20 

75-65 

76*00 

76-35 

Air 

.. 72-00 

83*45 

83*90 

84-36 

Density .... 

.. 14-49 

14*60 

14-49 

14*48 


The density from the accepted values, after proper corrections have been 
made, works out at 14‘482. 

As the working pressure is low, correction must be made in order to 
obtain the weight of a standard litre at N.T.P. ; but, on the other hand, the 
molecular weight is given directly by comparison with the result for oxygen. 
Thus the following figures were obtained at the same time as were those in 
the last column given above, they are the pressure readings for seven 
different fractions of very highly purified atmospheric neon : — 

12105, 120-25, 121-05, 120-90, 12100, 121-05, 1210!>. 

The mean is 121*00. This, compared with 76'35 as above, gives a density 
of 10-096 (0 = 16), and thei-efore a molecular weight of 20*19, which agrees 
to practical identity with the accepted value of 20*200 obtained by Watson.* 

It is as well to note here that the only theoretical correction necessary to 
apply to the instrument is the one described by Lord Bayleigh for change of 
buoyancy of the bulb with change of pressure. Here the maximum change is 
some 50 mm., and, as the bulb is enormously more massive for its dimensions 
than the ordinary glass density globe, this correction could not possibly affect 
the fourth place in the result. 

The results quoted above show that, used in the work for which it was 
designed, the apparatus is entirely satisfactory, and it seems likely chat, by 
further refinements in construction, its efficiency could be oonsidersbly 
extended. Thus there is, theoretically at least, no definite limit imposed upon 
the quantity of gas necessary to “float” the bulb. This indeed bears no 
obvious relation at all to the quantity* required to fill it — one of the great 
advantages obtained by weighing by displacement — so that by shaping the 

* ‘Cheni. Soc. Jonm.,' 1910^ l^taaa, voL 8ia 
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balance caae^ more closely to the balance, the necessary quantity of gas could 
be still further diminished. 

Again, clearly, if larger quantities of gas are at disposal, the instrument 
could, with much greater ease in its construction, be arranged to work at 
atmospheric pressure, the accuracy being thus at once extended to the fifth 
place. 

In addition, it seems likely that it may be turned with profit to another 
problem, viz., the measurement of pressure in gases of known density, 
Headings with the present instrument show that it has an even scale over 
comparatively large displacements, so chat it could easily be adjusted to read 
pressures of, e.g., 0 to 2 mm. with an accuracy of about O'Ol mm. There is 
notliing in its construction which precludes its being made evUirely of quartz 
and gloss, so that it offers a ho)}eful solution to the problem of observing the 
phenomena of electrical discharge at low iirossures in gases, such as the 
halogens, which debar the use of mercury manometers. As in this case the 
volume would not have to be curtailed, a larger bulb might be employed, and 
the reading microscope replaced with advantage by a mirror and scale. 

In conclusion, I may state that the instrument herein described may be 
assembled in a comparatively short time by any skilled glass-worker, and, 
thanks to the very small quantity of material used, at a cost of a few 
shillings. 

Summary. 

1. A simple micro-balance is described, by which the densities of gases may 
be determined relative to some standard gas, using a null method. 

2. About half a cubic centimetre only of the gas is required. 

3. The determination can be performed in a few minutes, with an accuracy 
of O'l per cent. 

4. Possibilities of its use in other fields of research are indicated. 
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On a Second Spectmm of Neon* 

By Thomas Balph Mbbton, B.Sc. (Oxon.). 

(Communicated by Prof. G. D. Liveing, F.E.S., and Sir J. Dewar, F.R.S. 

Received November 19, — Read December 11, 1913.) 

The 8}iectrum of the gases of atmospheric air which were not condensed at 
the temj)erature of liquid hydrogen was first investigated by Liveing and 
Dewar,* who found a largo number of lines which did not belong to the 
spectra of hydrogen or helium. The spectrum of the glow from the negative 
pole was photographed, owing to the fact that the secondary- Hi)ectrum of 
hydrogen was predominant in the capillary. 

It was found that, whilst the aecondaiy hydrogen spectrum disap|)eared 
when a jar discharge was used, the greater part of the lines of unknown 
origin were also obliterated. 

Stassanof has enumerated about one hundred lines of the spectrum of the 
aurora, from the results of difl’crent observers, two-thirds of which he has 
found to be identical, within the limits of experimental error, with the lines 
of unknown origin recorded by Liveing and Dewar. 

Neon in a state of great purity was subsequently prei)ared at University 
College, London, and its spectrum was measured by Baly,t who observed that 
the spectrum was not appreciably altered when the discharge from a Leyden 
jar and spark-gap was used. 

Five years later the spectrum was again measured by Watson, § who 
confirmed the measurements of Baly, and added a considerable number of 
lines which had not been previously observed. Watson was unable to find 
any trace on his plates of a largo number of the lines found by Liveing and 
Dewar {loc, cit,), and no satisfactory explanation for the origin of these lines 
has been found. 

In the present investigation I have examined the spectra obtained under 
different conditions with two vacuum tubes which had been filled at 
University College with neon, which was presumably as pure as that used by 
Watson and Baly. No trace of any impurity could be detected in the 
spectrum from the capillary, though the hydrogen lines could be faintly seen 
in the glow around the electrodes. 

The spectra were photographed with a large Hilger wave-length spectro- 

* * Boy« Soo. Proo.,’ 1900, voU 67, pp. 467-474. 
f * Ann. de Ohimie,' 1902, voL 86, p. 40. 

I <FhiL Trans.,’ 1903, A, voL 802, pp 183-842. 
g * Roy. Soo. Proa,' 1908, vol. 81, pp 183-194. 
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scope with a camera attachment, and with a grating apectrograph having a 

inch concave grating of 4 feet radius, ruled with 20,000 lines to the inch. 
The latter instrument had the advantage of a high dispersion and consequently 
increased accuracy, with the disadvantage that long exposures of upwards of 
10 hours were required to obtain satisfactory piiotographs. 

A comparison was made uf the spectra obtained with a weak discharge 
from an induction coil (equal to about a half-inch spark in air) and with the 
same discharge when a small Leyden jar and a spark-gap of about 2 mm. were 
used. The intensity of the discharge was not great enough to bring out any 
lines due to the electrodes or the gloss walls of the capillary. The neon 
tubes, which are known to deteriorate, were not at all rapidly destroyed by 
the strength of the discliaige used. 

With the jar discharge the lines of the ordinary neon spectrum in the red 
and orange were much weaker, but no new lines coirld be detected. In the 
more refrangible region, however, the spectra were entirely different, 
consisting of a largo number of lines which were not present in the ordinary 
neon siieutrum, while the strongest of the ordinary neon lines were only just 
visible. The most refrangible rays measured, having wave-lengths 3218 A. IT. 
and upwards, must have been of very considerable intensity, since they had to 
jmss through the glass walls of the capillary. 

The wave-lengths of most of these lines have been measured from 
photographs taken with the grating spectre^aph, using the helium lines as 
standards, but some of the lines in the green were so feeble that this wm not 
posnble, and their wave-lengths were accordingly measured with an accuracy 
of ± 1 A.TJ. from photographs taken with a very long exposure on the prism 
spectrograph. 

A comparison of measurements made on three plates shows that the 
differences between the mean wave-length and the least concordant 
measurement are on the average 0'04 A.U. In a few of the fainter lines, 
however, which were also somewhat diffuse, the differences were as great as 
0*1 A.U. (and in one case 0*12 A.U.). The measurements are therefore given 
to five significant figures, the probable error being less than 0*1 A.U. 

In the following table are given the wave-lengths of the lines, together 
with their intensities expressed in the usual way on an ascending scale from 
1 to 10. In the third column are given the corresponding values found by 
liveing and Dewar, and in tiie fourth the values of lines which possibly 
correspond, given by Watson. The latter only correspond in a few oases, the 
strongest lines in the ordinary spectrum being feebly visible in the new 
spectrum. The red yellow and yellow green lines which occur in both 
spectra have not been included in the list 
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Ware-lenn^li. 

Intensity. 

Limng and 
Dewar. 

Watson. 

4431 ‘2 

2 

4431 


4428 ’9 

3 

4420 


4413 6 

2 

4413 


4400 0 

a 

4400 


4308 '2 

2 

4808 


4392 *3 

3 

4392 


4379*8 

2 

4380 


4290 -7 

0 

4200 

• 

4260 0 

0 

4261 

• 

4233 *9 

1 

4234 


4281 *9 

1 

4232 


4220 *0 

3 

4220 


8860 a 

0 

3856 

• 

3830 *0 

4 

38:10 


8818 ‘0 

2 



3800 *2 

1 

3800 


3777 -3 

6 

3777 


3760 6 

5 

3766 


8764 *0 

2 

3754 

3764 *32 (3) 

8761 5 

2 

3761 

3736 1 

3 

8736 


8727-3 

6 

8728 


3713 -3 

9 

3713 


3700*8 

6 

3710 


3701 *9 

0 

3703 

8701 *81 (6) P 

8604-4 

9 

3604 

8604-38(0) 

3664 *3 

7 

8664 

3645 -1 

3644 *2 

2 

3 

3644 

1 (Double L. and D.) 

8628 *2 

1 

3628 


8612 >6 

0 


• 

3504 4 

2 

3593 


3603 *8 

2 



8674 0 

6 

3575 


3674 *6 

0 


• 

3671 *6 

8 

8671 


3668-7 

8 1 

3569 


8666 -1 

2 



3661 *4 

2 

3581 


3658 *0 

2 

3658 


8543 *1 

4 

3643 


3620 -7 

4 

8521 

3520-01 (9) 

8516 -82 (6) 

8515 -4 

1 

8615 

3603 -8 

2 

3604 

3482*2 

4 

3482 


3481*0 

0 

8481 

• 

3477 -0 

0 



3472 *8 

0 

3473 

8472 -08 (6) 

8460*5 

0 

3460 

8460 *8 

2 

8466 


8456 0 

0 

— 

• 

3463-3 

0 


• 

3U7'9 

2 

— 

8447 -83 (6) 

8428*9 

1 

8420 

3417-0 

2 

3418 

3418*08(6) 

3417 -1 

1 

3417 

3418 *6 

0 


• 

3407-2 

1 

8407 


3406-1 

0 

8404 

• 


* Thue lines ircre measured on one plate onl^. liinee of intensitj 0 were just Tisible, and eould 
only be measund with difflculty. 

▼OL. LXXXIX. — Jl. 2 M 
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WaTedength, 

Intensity. 

liveing and 
Dewar. 

Watoon. 

3898 O 

8 

8893 


8888 -7 

8 

338H 


8378 -6 

4 

3378 

8878 -27 (P 0 Wsteon.) 

8372 '1 

0 

8872 

• 

8387 -6 

s 

3867 


3300-9 

8 

3300 


8365 -2 

6 



3346 1 

0 

— 

• 

8346 -7 

2 

3845 1 


3344*6 

8 

.3344 ; 

1 

3336 *1 

7 

8336 1 

1 

3339 '4 

2 

8329 

1 

8827 *4 

8 

3327 


3324 0 

4 1 

3324 


3320*0 

1 

3319 


3298*0 

1 

3297 


8218 *6 

1 

3218 



* These lines were measured on one plate only. Lines of intensitjr 0 were just risible, and 
oould only be measured with difflculty. 


The following lines wore too weak to be measured with the concave 
grating spectrograph and were mea8\rred from photographs taken with the 
prism spectrograph : — 


Waredaugih. 

Liveing and 
Dewar. 

Wavedength. 

Liveing and 
Dewar. 

6086 

5038 

4869 

4370 

4027 

4628 

4290 

4200 

4616 

4616 

4267 

4268 

4668 

4670 

4260 

4261 

4621 

4528 

4240 

4241 

4408 

4600 

4217 

4218 

4468 


4151 

4161 

4466 

4467 

4184 

4184 

4438 

4488 

4000 

4000 

4420 


8046 



A comparison of the wave-lengths found with the tables of Liveing and 
Dewar shows that nearly all the lines measured agree with the values given 
by them, very few being absent from their tables, and these being (with one 
exception) lines of very small intensity. On the other hand, about 60 per 
cent, of the lines given by Liveing and Dewar have not been found. This 
may be due to some differences in the spectra from the wide part of the tube 
and the capillary, but more probably to the fact that the illumination with 
the concave grating used in the present investigation was far less than with 
the calcite prism spectrograph used by Liveing and Dewar. There can be 
little doubt, however, that the lines in question correspond, and there is no 
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systematio agreement between the wave-lengths of the lines found and those 
of any probable impurity. 

It would appear, therefore, that neon, like argon, krypton and xenon, is 
capable of giving two different spectra according to the manner in which it is 
electrically excited. 

I should like to express my sincere thanks to Sir James Dewar for the kind 
advice he baa given me. 


Address of the President, Sir Archibald Geikie, K.C.B., at the 
Anniversary Meeting on Deo&mh&r 1, 1913. 

On these annual occasions it is usual to begin the retrospect of the year 
by discharging the melancholy duty of taking note of the losses which death 
has inflicted on our Society since the last Anniversary. On the present 
occasion we are fortunate in not having to deplore the passing away of any 
of the distinguished men who form the remarkable band of our Foreign 
Memliers. But on the other hand, the blanks which have been made in 
our Home List are exceptionally heavy, for no fewer than twenty of our 
Fellows have died, and among these some whose places it will for many 
years be hard to fill. 

Especially numerous and serious have been the losses among those who 
represent the various departments of the Physical Sciences. In Gbobgk 
Howard Darwjn we mourn the departure of one of the most brilliant and 
most estimable of our colleagues, who by the originality and distinction of 
his researches amply sustained the scientific renown of our publications and 
enhanced the prestige of the Society. He was elected a Fellow in 1879, 
served repeatedly on the Council, and was Vice-President during the last 
year of his presence there. He was awarded a Boyal Medal in 1884, and 
only two years ago received as the crowning mark of our appreciation of 
his achievements in science the award of the Copley Medal. There was a 
widespread hope among the Fellows that he would this year be elected to 
the Ihesidential Chair of the Boyal Society. But, while still with the 
promise of further years of fruitful work before him, he was attacked by a 
fatal disease which carried him off on December 7 last in the 68th year 
of his age. With admiration and pride we recall the keen insight and the 
laborious but brilliant calculations which culminated in the production of 
Gxoboi Darwin's memorable essays on the history of our planet and its 
voi- uoaix.— A. 2 N 
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satellite. We remember the long years during which he devoted his mind 
to the study of the Tides, thereby elucidating that complicated subject, and 
at the same time rendering valuable service to the art of navigation. We 
think, too, of the many hours which, first and last, he cheerfully gave up to 
the' furtherance of scientific progress by attendance on committees, boards, 
and congresses, not in this country only but also abroad, as representative 
of the Boyal Society in international oiganisations. On this Anniversary, 
however, our thoughts turn more tenderly to the man liimself as he lived 
and moved among us. Long shall we cherish the remembrance of the 
example of his gentle and studious nature, his unhuling courtesy and kindly 
cheerfulness, his ardour in the cause of scientific research, his large-minded 
tolerance towards those who differed from him, and tliat helpful sjrmpathy, 
inherited from his illustrious father, which led him to take interest in each 
fresh advance of knowledge in every department of Nature, even in those 
furthest removed from his own special studies. 

The late Earl of Crawford was a characteristic example of a type of 
men whereof the Boyal Society, from the very commencement of its history, 
has continued to include instances — men of distinction in public affairs, 
who are keenly interested in scientific enquiries, who promote their progress, 
and who occasionally themselves contribute original observations of their 
own on subjects which they have pemonally studied. As the premier Earl 
of Scotland, with large estates to administer and taking an active part 
in public life, Lord Crawford yet found time for the cultivation of 
research. In his youth he took to astronomy, and, with his father, built 
and equipped an observatory on his property in Aberdeenshire. Soon 
after coming of age he went to Spain, for the purpose of observing 
the solar eclipse of 1870, and four years later took a journey to Mauritius 
to observe the transit of Venus. These and other proofs of his 
scientific predilections contributed to his being elected into the Boyal 
Society in 1878, when he was 31 years of age, and be had the unusual 
distinction of being chosen to serve on the Council in the same year. A 
further mark of appreciation was shown to him by his fellow-astronomers, 
who olected him President of the Astronomical Society. In later years he 
turned to the biological side of science, and as a yachtsman, sailing over the 
seas of the New as well as of the Old World, he was able to add a number 
of new species to the known bird-fauna of the ^obe. Lord Crawford was 
likewise a lover of literature and the possessor of a noble library. He waa 
thus well qualified to be a Trustee of the British Museum, an office to which 
he was elected in 1885. Up almost to the dose of his life he waa sednlona 
in hia attendance at the meetings of the Trustees, showing always a keoi 
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intereat in the organisation and administration of the two great national 
establishments at Bloomsbury and South Kensington. 

Major-Oenoral Hbnry Clkrk, K.A., who died at the great age of 92, was 
the oldest surviving Fellow of the Iloyal Society, his election having taken 
place as far back as 1848. He was the author of papers on meteorologioal 
and other physical subjects, the earliest of which was printed iti the 
‘ Philosophical Transactions ’ for 1846. 

The ranks of the physicists and teachers of physics in this country have 
been deprived by death of the Professor of Natural Philosophy in the 
University of Edinburgh— Jamks Gordon MacGregor. Born in Nova 
Scotia in 1852, he received his scientific training in this countiy and in 
Jjeipzig. After having held several educational appointments in his native 
colony, ho was chosen in 1901 to succeed Peter Guthrie Tait in the 
important Chair of Natural Philosophy in Edinburgh. The value of his 
investigations in electrolytic conductivity and other properties of solutions, 
in the resistance of metals, and in thermo-electricity, led to his election into 
the Iloyal Society in the year 1900. 

One of our most i)ronunent losses this year has been the death of 
Dr. John Milne, the great pioneer of modern Seismology. Born in 1850 
and trained at the Boyal School of Mines, he at the age of 25 accepted an 
academic appointment under the Japanese Government as geologist and 
mining engineer, and for some twenty years resided in Japan. His 
attention was soon arrested by the abundant display of earthquake pheno- 
mena in that country, and he devoted himself with the greatest ardour to 
their investigation. He devised a delicate instrument whereby the 
complicated seismic movements could be accurately observed and recorded. 
His enthusiasm in the study communicated itself to the Japanese. With 
their co-operation he was enabled to establish a seismic survey of the 
country, embracing not far short of 1000 observing stations. He founded 
the Seismological Society of Japan, and in the voluminous Transactions of 
this Society, mostly the work of his own indefatigable pen, he gathered 
together the observations and deduotions which served to give seismology 
its due place among the exact sciences of the earth. When he returned to 
this country in 1896, in order to make hero hia permanent home, his first 
care was to find some site where a seismological observatory could most 
efibotively be placed, and he finally selected Shide, in the Isle of Wight, 
which henceforth became famous as the centre of the great network of, 
observing stations which, with the oo-operation of the British Association 
for the Advancement of Science, he proceeded to institute not only in this 
country and our dependencies, but even over a large part of the rest of the 

2 K 2 
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globe. The records transmitted to him from this world-wide organisation 
were discussed in annual reports to the British Association, and in course 
of years he had the gratification of seeing his example followed in other 
lands. Japan, fostered by liis enthusiasm, had led the way. Various 
countries in Europe undertook the recording of earthquakes likewise, until 
eventually an International Seismic Association was formed for concerted 
obeervation and experiment in regard to seismological problems. Had he 
lived and retained his health, it was the hope of his friends that Milne 
might be prevailed upon to accept the control of such an international 
organisation and bring into its operation the world-wide system of stations 
whioli he had established with so much skill and labour and had supervised 
with such signal success. But his vigour had been for some time past 
perceptibly lessening. After a brief illness be died on July 30 last, at the 
age of no more than 62. His career presents a memorable example of what 
can be accomplished in the cause of science by clear-sighted intelligence and 
indomitable application. His admirable organisation of observing stations, 
though now bereft of his guidance, must not be allowed to lapse or suffer any 
serious interniption. Provision has meanwhile been made for continuing the 
work as he left it. The Royal Society and the British Association for the 
Advancement of Science have each formed a committee which will co-operate 
in considering what furtlier steps should be taken. It would be little to the 
credit of the scientific reputation or public spirit of this country if means 
could not be found to place Milne’s organisation in a position of permanent 
security and usefulness. It is an institution actually at work, it is, capable 
of expansion and improvement, and it is eminently worthy to be the basis or 
nucleus of an imperial, if not international, enterprise, prosecuting work 
advantageous to the whole world. 

The representation of Chemistry on the list of Fellows of the Society has 
been diminished during the past year the death of Sir Walter Noel 
Hartley, who was for so many years one of the leaders of scienoe in Dublin, 
where he held the Chemical Professorship at the Royal College of Science, 
His spectroscopic researches were especially notable and received well- 
deserved recognition. He was elected into the Royal Society in 1884. He 
died on September 11 lost, in his 68th year. 

Dr. Hugh Marsball early attracted attention by his researches in 
chemistry, mineralogy, and crystallography. While still a young man, he 
was in 1004 elected into the Royal Society, and four yean later be received 
the appointment of Professor of Chemistry in University College, Dundee. 
But his brilliant promise was out short by bis death on S^tember 6 last, at 
the early age of 46. 
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By the sudden death of Sir William White, on February 27, in the 
68th year of his age, vre have lost one of our foremost Fellows in engineering 
scienoe. His long experience at the Admiralty, culminating in his 
appointment to be Director of Naval Construction, gave him a position bf 
commanding authority in all that appertained to the science of naval architec- 
ture, to which he contributed valuable memoirs and treatises. But he had 
many interests outside his own profession. Possossiug a remarkable capacity 
for affairs and a faculty of clear exposition of his views, he came to be chosen 
a member of innumerable committees, boards, and other deliberative bodies, 
wherein his long experience and ripe judgment were much appreciated. In 
bis later years he was more especially interested in the progress of education 
in applied scienoe. He was one of the most active members of the governing 
body by which the Imperial College of Science and Technology was organised. 
He likewise served on the Committee to which the consideration of the 
constitution of the new Science Museum was referred by the Government. 
He became a Fellow of our Society in 1888, and six years thereafter lie 
served for a year on the Council. 

Another loss to the engineering section of the lioyal Society lias been 
inflicted by the recent death of Sir Wiluam Preecb, who will long be 
remembered for his valuable services in the development of the practical 
applications of electricity. As head of the Telegraphic Department of the 
Post Office for more than twenty years he liad ample opportunity of applying 
his scientific experience to the expansion of this important branch of the 
public service. For example, he took a keen interest in the applications of the 
telephone from the time when he introduced Mr. Graham Bell’s invention 
into this country. He took an active share in the early experiments which 
led to the establisliment of telephonic communication with the continent of 
Europe. He was in this country a pioneer in the practical adoption of wireless 
telegraphy. He was born in 1834. His election into the Boyal Society took 
place in 1881, and six years thereafter he served for two years on the Council. 

Mr. GEOuaE Mattuby, who died on February 14 at the advanced age of 
88, represented the aims of metalluigy in our list of Fellows. His extensive 
researches on platinum led to his being consulted many years ago by the 
French Government regarding the material to be employed for the construc- 
tion of the standard metre and this standard was ultimately manufactured of 
iridio-platinum by his firm under his own supervision. He became a Fellow 
of tile Society in 1879. 

Only last week another gap was made among the physicists of the Boyal 
Society by the death of Sir Bobebt Ball, in the 74th year of his age. 
Distinguished as a mathematician, experimentalist, and physicist, be began 
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tij makiag important diacoveries of nebnls with the great Boeee telescope. 
Thereafter his remarkable paper " On the Theory of Screws " was pnblidied in 
the ‘ Transactions of the Boyal Irish Academy ’ in 1872. He was elected into 
this Society in the following year. From 1874 onwards he specially devoted 
his attention to astronomy, becoming Professor of that science at the 
University of Dublin and Astronomer Royal for Ireland. In 1892 he was 
appointed Lowndean Professor of Astronomy and Director of the Observatory 
at Cambridge. His contributions to astronomical science included many 
investigations to determine the distances of a large number of fixed stars 
from observations of their annual parallax. When he undertook the part of 
an expositor of sdenoe to popular audiences he soon acquired a wide 
reputation both as a lecturer and a writer of readable and interesting booka 
His astronomical volumes, which attained a wide circulation, were important 
means of disseminating on appreciation of the fascination of the science to 
which he was devoted. Sir Robxst Ball will be sincerely mourned by all 
who were privileged with his friendship, and by that still wider circle who 
knew him less intimately but came under the spell of his kindly and 
humorous talk and the sparkle of his genuine wit. 

On the Biological side of science our losses this year, though less numerous 
than those on the physical side, are notably serious on account of the 
eminence of the Fellows who have passed away. Foremost among them we 
have to record that within the last few weeks Alfaeo Russel Wallace 
has gone to his rest, ripe in years and full of honours, amidst the unstinted 
'appreciation not only of his own countrymen, but of every civilised people. 
A true naturalist, in the old and fullest sense of the tenn, every living thing 
was interesting to him not only in itself, but more especially in its relations 
to other organisms and to the distribution of life over the globe. At the 
early age of 25 he began bis scientific career as an explorer and collector in 
tropical regioiu, first in South America and afterwards in the Malay 
Peninsula. For the long period of sixty-five years, almost up to the dose, he 
has continued with unfailing vigour to prosecute the studies to which he 
-dedicated his life, continually publishing fresh contributions to natural 
history and to the consideration of social problems His ‘Travels (m the 
Amazon and Rio Negro,’ ‘ Malay Archipelago,' ‘ Qeographioal Distribution 
of Animals,’ and ‘ Island Life’ have become dassios in zoological literature. 
In luB writings there is everywhere proof of the remarkable range of his 
knowledge, the closeness and accuracy of bis faculty of observation, and the 
breadth of view wherewith he co-ordinated his facts and drew from them 
wide and suggestive generalisations. As is well known, it was in the 
'Malay Archipelago, amidst the marvellous variety and exuberance of tropioal 
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life that, with the divioation of true genius, he evolved the same theory of 
the origin of species on which Charles Darwin had already been at work for 
some sixteen years. Some of us well remember the sensational meeting of 
the Linnean Society in the summer of 1868 when papers from the two 
naturalists, who had independently arrived at similar conclusions, were 
communicated by Sir Joseph Hooker and Sir Charles Lyell. Ho incident in 
the histoi^ of modem science is more worthy to be recalled than the 
chivalry with which the work of the young and little known explorer, 
pondering over the problems of evolution amid the solitudes of a tropical 
forest, was received and placed at once side by side with that of the brilliant 
naturalist whose fame had already spread over the world, and at the same 
time the generous solicitude on Darwin's part that full justice should be 
done to his younger competitor. Their names will live for all time as those 
of the great Twin Brethren to whom science owes the first intelligible 
exposition and elucidation of the problem of the origin of species. WaUi&ci 
was connected with the Boyal Society by a number of links, each 
of which marks the Society’s recognition of the importance of his con- 
tributions to natural knowledge. As far back as the year 1868 he received 
one of our Boyal Medals. In 1890 he was appropriately selected as the first 
recipient of the Medal which had recently been instituted in honour of 
Charles Darwin. In 1893 he was elected with acclamation a Fellow of the 
Society, and in 1908 the highest honour which it is in our power to bestow, 
the Copley Medal, was conferred upon him. Bom in 1823, he died on 
November 7 in the 9lBt year of his age. 

The death of Adam Sedgwick has removed from our midst one of the 
most brilliant zoologists of his day. We look back upon his notable career 
at Cambridge as an original investigator and stimulating teacher, where he 
remodelled the zoological school, making it a great centre of biological 
training and research, and filling it with ardent pupils, who caught his 
enthusiasm, and bore it with them into other seats of learning. It seems 
only yesterday, although some six years have meanwhile slipped away, 
since with some hesitation he brought that Cambridge life to a close and 
accepted the Professorship of Zoology in the Imperial College of Science 
and Technology. There a fresh career of fertile teaching and practical 
researoh in biology and embryology seemed to open before him. Coming 
with a great reputation to fill the chair formerly made famous by 
Huxley, he at once threw himself with his wonted energy into the task of 
restoring the etfioienoy of his department, which had somewhat suflbred from 
the prolonged want of a successor to the previous professor. It was fondly 
believed that his biological school in London would soon equal, or even 
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surpass, in suooess his school at Cambridge. Bat after two or three years 
his health was seen to begin to give way. He died on February 27 last at 
the age of 55. He beoame a Fellow of the Boyal Society in 1886, and 
served twice for two years on the CounciL 
Loan Avebuhv belonged to a class which is becoming less numerously 
represented in the Eoyal Society than it used to be — the class of the 
cultivated country gentleman possessed of leisure and means, and devoting 
these to the cultivation of scientific studies. He was a man of singular 
versatility. Inheriting an estate in the country, where he spent mudi of his 
time, he was antiquary, archeeolt^ist, botanist, zoologist, geologist, also 
Member of Farliament, chairman of many various mercantile associations, 
councillor, if not president, of most of the chief scientific societies of this 
country, and all the while head of one of the great banking firms of London, 
and actively engaged in its concerns. In the City he was looked up to with 
universal respect as one of the leading authoritieB on mercantile afiairs. 
Elsewhere he was known chiefly as a man of science, while thousands of 
readers throughout English-speaking countries were familiar with his 
contributions to popular literature. In the midst of a life which flowed 
on with BO ample a current, he found time to write some noteworthy 
treatises. His volumes on 'Prehistoric Times’ and 'The Origin of 
Civilisation and the Primitive Condition of Man ’ were of no small service 
in the infancy of the study of archeeology. His contributions to entomology 
and to botany showed how much natural history might have benefited had 
he been able to devote his whole time and energy to original observation. 
And apart from his own writings. Lord Avkbdby was able in many ways to 
advance the cause of science. In his capacity of member of the Standing 
Committee of the Trustees of the British Museum, an office to which he 
was appointed as far back as 1878, he was unremitting in his zeal for the 
interests of that great national institution. His presence on the Councils of 
scientific societies was always helpful. He became a Fellow of the Boyal 
Society in 1858, when he was only 24 years of age, and he served altogether 
seven years on our Council, and was three times Vice-President. Lord 
Avebury was a notable social force. Eminently hospitable, he brought the 
cultivators of science into touch with men in other walks of life. At 
High Elms, his country home in Kent, or at Kingsgate Castle, on the edge of 
the chalk cliffs, he loved to gatlier together men of culture in all branches 
of human activity, and from all parts of the globe. Again, at his house in 
London, he kept up the now well-nigh obsolete custom of giving breakfasts, 
which were pleasant reunions and by no means the least efficient of the 
ways he followed to make men acquainted with each other. He leaves 
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behind him a social blank which will be felt not less tlian the absence of his 
wise counsel at the many boards and committees of which he was a member. 

Mr. Philip Lutlky Sclateu, who died at the age of 84, was a con- 
spicuous example of a country gentleman who can take up a branch of 
science as the main occupation of his life and make himself one of its 
recognised leaders. During his student years at Oxford he was induced 
to interest himself in ornithology, which eventually became his engrossing 
pursuit. Able to travel extensively, both in the Old and the Mew World, 
he always kept his eye on the birds of the regions through which he 
passed, thus acquiring an extensive acquaintance with systematic ornitho- 
logy. This knowledge served him in giml stead in his well-known discussion 
of the geographical distribution of animals and his remarkable classifioa- 
uf the zoological provinces into which the surface of the globe may be 
divided. He will long be remembered for Jus lengthened and intimate 
association with the Zoological Society. For upwards of forty years he 
continued to be annually elected its Secretary, devoting himself with 
unwearied diligence to the furtherance of its interests, of which he came 
to be regarded as the visible incarnation. He was a Fellow of the Boyal 
Society for more than half a century, having been elected in 1861. He served 
twice on the Council. 

In Prof. Francis Gotch physiology has lost one of its brightest orna- 
ments. Alike as an original investigator of the physiology of the nervous 
system and as a luminous and stimulating expositor of the subject, he has 
conferred lustre on the Oxford physiological school. He was elected into 
the Boyal Society in 1892, and served for two years on the Council. He 
died on July 17 last, aged 60. 

Sir Jonathan Hutchinson, famous as one of the great sin^^ns of bis day, 
eminent for his original contributions to medicine, untiring in his zeal for 
the promotion of the study of natural liistory, and conspicuously generous 
in his establishment and support of country museums to give that study 
an educational value, passed away last summer at the ripe age of 86, 
amidst the sincere sorrow of all who came into intimate touch vvith him. 
He was elected into the Boyal Society in 1882, in recognition of the 
importance of his papers on the natural and clinical history of diseast in man 
and the lower aniuisls. 

It was with much regret that we heard that Edward Msttlicship passed 
away on the 30th October last. Pre-eminent as an ophthalmic surgeon he 
enriched his department of clinical medicine with many admirable papers 
descriptive of his observations When he retired from a large practice in 
Lcmdon to the quiet of a country home he devoted his time and enthusiasm 
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to the etud 7 of heredity and obtained reeulte of great interest. Elected into 
the Boyal Society only last year, he took a part in the work of the Committee 
for the investigation of glassworkers’ cataract. His retiring disposition was 
apt to conceal from those who only knew him casually the enthusiasm and 
originality with which he porsned the study of nature ; his gentle, lovable, 
and generous character could only be fully appreciated by those who knew 
him best. 

In the Beport presented by the Cooncil the more important events in the 
history of the Society during the past year are recounted. Among them 
1 would here make special refjtrenoe to the magnetic re-survey of this 
country. It has been arranged that the operations of this survey will 
include the 200 stations of the original survey by Sir Arthur Bucker and 
Sir Edward Thorpe, together with forty additional stations along tlie line of 
the Yorkshiie ridge. Mr. G. W. Walker, to whom the work has been 
entmsted, informs me that he began in August last the preliminary task of 
gathering together the requisite instruments and apparatus. The needful 
maps were supplied by the Ordnance Survey Department; the Admiralty 
furnished chronometers ; the Astronomer Boyal has been good enough to 
undertake to afford control observations from Greenwich, and Prof. Newall 
has kindly given the use of a large field adjoining the Cambridge Observatory 
to serve as a base station. The appuratus belonging to the Boyal Society, 
which had for some years been lent to the Falmouth Observatory, has now 
been placed at Mr. Walker’s disposal. The first observations were started 
at Cambridge on November 10, and these will be continued concurrently 
with the standardisation of the apparatus. The Eastern Counties will 
forthwith be attacked during the coming winter, although that part of the 
year is least favourable for work of this nature. It is believed that the 
re-survey will be completed within less than two yeara 

There is another paragraph in the Council’s Beport to which I may here 
.allude. Five years ago at the request of the Home Office the Council 
appointed a Committee to investigate the physical and physiological 
problems presented by the disease known as Glassworkers’ Cataract. In 
proposing this enquiry the Home Office had made no provision tor the cost of 
the numerous experiments and examinations that obviously would be 
required, while the Boyal Society has no funds at its disposal for meeting 
such expenditure. As only a small sum has been contributed by the 
Treasury the work of the Committee has been seriously delayed. Only one 
branch of the investigation has been practically completed — ^tbe branch under- 
taken by Sir William Crookes— and this could not have been accomplished 
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had he not borne a laige part of the heavy cost at his own charges. He set 
himselt to discover whether a glass could be devised that would screen the 
eyes of ^e glassworkers from the heat and glare of the molten material with 
which they have to deal. After an extensive and complex series of experi- 
ments he has been able to prepare glasses which out off more than 90 per 
cent, of the heat radiation, which are opaque to the invisible ultra-violet 
rays, and are sufficiently free from colour to be capable of use as spectacles. 
It has not been possible, for lack of funds, to proceed far in the investigation 
of the physiological problems involved in the study of Glassworkers' Cataract ; 
the Committee is consequently still unable to present a complete Report. 

In the Address which 1 gave at the end of the first year of my tenure of 
the office of President I dwelt at some length on the varied activities of the 
Royal Society, and alluded to the imperfect extent to which these are 
known to the world outside. Speaking now at the close of my Presidency 
I would like once more to refer to this subject, and in connection with it, 
to the position which the Society holds in relation to the State. I would 
again point out that ours is not merely a Society which holds meetings 
for the reading and discussion of scientific papers, publishes these com- 
munications in its 'Proceedings' and ‘Transactions' and acts generally 
for the promotion of the progress of science. Our meetings and our 
publications are undoubtedly a highly important part of our work, but they 
by no means comprise the whole field of our operations. The Royal Society 
is the one great institution in this country which selects its component 
members from among the most distinguished men in each of the various 
branches of pore and applied science. It has thus acquired the character 
of a kind of central Council of Seienoe, and may legitimately claim that few 
scientific problems could arise affecting modem life for the solution of which 
the most extensive experience and the most authoritative opinion would not 
probably be found within its own representative ranks. While this com- 
prehensive capacity for practical usefulness has from the beginning 
distinguished the Society, it has only in comparatively recent years been 
to any considerable extent recognised by the State. The variou^i Depart- 
ments of Government have slowly realised that the Society includes a large 
body of trained specialists who are able and willing to give their time and 
thought to the service of the country in matters where ecientific experience 
is needful The public recognition of this ready serviceableness has greatly 
increased the range of the Society's activities. The various enquiries into 
the nature and prophylaxis of tropical and other diseases which, at the 
request of different Departments of the Government, the Society has under- 
taken in recent years and is still carrying on, may be cited as examples of 
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the nature of the eervices which we can render in biological matters of 
Imperial concern. Again, the fostering care with which the Society has 
watched over the rise and progress of the National Physical Lalipratory, 
likewise the i>articipation which it has been asked to take in international 
associations for geodetic, seismological and other investigations, shows that on 
the physical side of science its operations have been not less continuous 
and beneficent. 

It would be impossible tliat these various lines of enquiry should be 
adequately pursued were not the labour distributed over a number of boards 
and committees composed of members selected by the Council for their 
eminence in the branches of science which they severally represent. The 
leaders so chosen are often busy professional men, yet they cheerfully give 
their time and experience to the consideration of the questions submitted 
to them, and come, even from long distances and entirely at their own chaiges, 
to the meetings and conferences in Burlington House. It is, needless to say, 
a source of great satisfaction to the Boyal Society that its services should now 
in this manner be made use of for the benefit of the country and of humanity 
at large. 

There is unfortunately, however, a prevailing but mistaken impression that 
a society which can thus freely place its knowledge and experience at the 
disposal of the State must be a wealthy body. It is true that we administer 
every year a considerable sum of money ; but almost the whole of this sum 
is ear-marked for certain definite dbjeots and cannot be diverted to anything 
else. Even the annual Parliamentary grant of £4000 for scientific investiga- 
tion, which is placed in the hands of the Society, is not a contribution to the 
Society’s own operations. The whole of it, except the trifling sum required 
for clerical assistance and necessary printing, is allocated to applicants from 
all parts of the country for their individual researches. Fellows of the 
Boyal Society may indeed enter into the list of applicants, but the number 
of those who do so does not amount to one-fourth of the whole. The 
Society, by means of its various committees and boards, expends much time 
and care in sifting and considering the applications, but it employs no part of 
the grant in the furtherance of its own corporate aims. There is a second 
annual Parliamentary grant of £1000 made to the Boyal Society to assist in 
defraying the expenses of publication. But it is understood that a portion of 
this sum is to be set aside for the purpose of aiding the adequate publication 
of scientific matter through other channels and in other ways. Thus the 
whole of the subvention which the Society receives annually from the State 
for its own requirements amounts to only a few hundred pounds towards the 
cost of its publications, together with the use of its rooms in Burlington 
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House, where it sits rent free, but subject to expeuditure for internal upkeep 
«nd repairs. 

From time to time valuable benefactions have been made to the Boyal 
Society by some of its Fellows and also by generous donors outside its pale. 
Without this help it would have been impossible to undertake muoli of what 
we have accomplislied, and the usefulness of the Society would have been 
greatly restricted. It is to the continuanco of such generous donations in 
the future that we may most hopefully look for the means of strengthening 
the position and increasing the usefulness of the Society. But the legacies 
and donations hitherto made to us have for the most part been assigned for 
certain specific ends, and cannot be devoted to other purposes which from 
time to time the Society would be glad if it could undertake. Some years 
ago the President and Council took this question of benefactions into their 
serious consideration, and issued a notification, which appears in every 
number of the Year Book, to the effect that, while they will willingly 
receive gifts to be applied to special objects or for the benefit of particular 
sciences and would wish, wherever desirable, to associate the name of the 
benefactor in some conspicuous manner with his gift, they consider that, in 
view of the varying necessities of Science, the most useful benefactions are 
those which are given to the Society in general terms for the advancement 
of Katural Knowledge. 

As so much of the funds in possession of the Boyal Society is applicable 
only to certain definite purposes, the balance available from the yearly 
income, after all expenses have been defrayed, is never large, while occasion- 
ally it is actually replaced by a deficit. In these circumstances it lias been 
difficult for the Society to cany on and complete some of the enterprises 
which, in the general interost of science, it has undertaken. Thus, but 
for tlio generous assistance of the late Dr. Ludwig Mond, it would have 
been impossible to prepare the voluminous Catalogue of Scientific Papers for 
the Nineteenth Century, without seriously trenching upon the funded capital 
of the Society. But the donation of tliat liberal member of our body is now 
nearly exhausted, and we have to face an expenditure of at lesst £5,000 
before this important work can be completed and published. Again, the 
rapidly growing expansion of the National Physical Laboratory, while it is a 
matter of which the Boyal Society has good reason to be proud, is at the same 
time one which cannot be contemplated without a little misgiving. The Society 
is financially responsible for the Laboratory, which now has an annual expendi- 
ture of £30,000. So long as the receipts exceed that sum we incur no loss, 
thn ngh we have to guarantee an overdraft at the bank to' the amount of £3500. 
But should any serious falling off of the receipts arise, such as would be 
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caused by depression in trade or strikes or other causes of the interruption 
and stagnation of industries, there might be a heavy deficit, for it would not 
be possible to reduce at once the working expenses of the institution. 
Obviously the Society, through the success and growth of the Laboratory, has 
been placed in a position like that of a manufacturer who tries to carry on an 
extensive business with a reserve balance of only a few hundred pounds. 
This is a position which it is not desirable that we should hold, and from 
which we ought to bo relieved as speedily as possible. 

When we consider the amount and value of the gratuitous service given 
at the request of the various public Departments, it is abundantly obvious 
that the Government of this country is under special obligations to the 
Iloyal Society, which, were they expressed in the plain language of pro- 
fessional practice, would be indicated by a considerable sum of money. We 
liave assuredly no desire that this service should cease to be gratnitoua 
We are at all times ready, as far as lies in our power, to place our time, our 
knowledge, and our experience, without stint, at the service of the country. 
But it is well that in the financial dealings of the Government with the 
Society, and in the due care for economies, which is a {paramount obligation 
of all Governments, the commercial value of this unpaid labour should not be 
lost sight of. We claim that our disinterested action deserves to Iw 
recognised by at least a generous and sympathetic attitude on the part of 
the Government towards our aims and objects, and a disposition to help us 
when our means prove inadequate to carry out the work which we have 
undertaken for the furtherance of the progress of science. 

Since this Address was written I have within the last few days received a 
donation which I have the pleasure of now announcing. Sir James Coird, 
Bart., of Dundee, so well known for his munificent benefactions to science, has 
sent me a cheque for £5000 to bo expended in yearly disbursements of about 
£500 for the furtherance of Physical Seaearch. We are grateful to him for 
this generous and timely gift, which can be at once applied to the furtherance 
of investigations in which we are now engaged and for wliich our present 
available funds are inadequate. It appears to me that the Boyal Society will 
never be sufficiently provided for that active support of research which its 
position demands until it is in possession of an annual sum of at least 
£1000, apart from its ordinary income, which it can devote to any investiga- 
tions that call for pecuniary assistance. It often happens that subjects 
arise regarding which it is highly desirable that enquiry should be under- 
taken, but where serious expense is involved the Society finds itself crippled 
for want of funds. I am not without hope that among onr wealthy Fellows 
and among the still richer men in the community outside, some may be led 
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to perceive that by donations or bequests to the Koyal Society thqr will 
conUibnte to the accumnlation of snch a reserve as I have indicated, which 
will enable the Society to farther the advance of Natural Knowledge in 
a manqer more effective than it has ever yet been able to attain. 


Medals. 

The Copley Medal is this year assigned to Sir Edwin Hay Lankester, in 
recognition of the value of his original researches in Zoology and of the 
importance of his personal Influence in stiniulatiDg the investigationa of his 
pupils and others, which have materially extended the boundaries of our know* 
ledge of the Animal Kingdom. His own work, which has been in large 
measure morphological, has thrown light on the mutual relations of living 
animals and also on the structure and affinities of long extinct organisms. His 
researches in the comparative embryology of tlie higher Mollusca and of the 
anatomy of the Nautilus gavo him an assured place among the zoologists of 
his day. His early papers on the Ostracoderm Fishes of the Old Hed 
Sandstone afforded a memorable example of paleontological acumen. In 
addition to his original investigations, he has laid Zoology under a debt of 
gratitude to him for his luminous general articles in some of the larger 
departments of the science. His pupils speak with enthusiasm of his 
inspiring guidance as a teacher, and some of the outstanding results of their 
labour confessedly owe to him the impetus that carried them to a snocessful 
issue. In later years Sir Edwin, though retired from official life, has con- 
tinued to be unceasingly active in the cause of Natural Knowledge. 
Ensconced in his “ Easy Choir,” he discourses pleasantly to a large audience 
in the outside world, while from time to time be enlivens the dullness of life 
with letters to the Press, written with that caustic pen which he knows so 
well how to wield. 

The Council’s awards of the two Royal Medals annually presented by the 
King have received His Majesty’s approval The Medal on the phy.acal side 
has been adjudged to Prof. Harold Buly Dixon, to mark the Society’s 
appreciation of the importance of his long continued investigations of the 
pl'annmnim of gasoous oxplosion. His important observations on the Theory 
of Combustion have shown that water-vapour acts as a carrier of oxygen 
i^TiTing the oxidation of carbon, and undergoes a cycle of changes wherein 
it gives up its oxygen to carbon monoxide. From the farther study of 
the explosion of tUs monoxide and oxygen, in tiie presence of other gases, he 
that any substance capable ol producing steam will determine the 
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explosion. Reference may be made to Ids published papers ou the explosion, 
oxidation, and combustion of various substances, together with his numerous 
determinations of the specific heat of gases at high temperatures. We recall 
also his Bakerian Lecture on the Explosion of Gases, which was givei^in this 
room twenty years ago. By the introduction of photography into his studies 
of die explosive wave he has been able to throw light on the mode of burning 
of carbon and its compounds. Uecognised as a brilliant investigator of 
Explosion and Combustion, he was fitly selected to be a member of the 
Royal Commission on Explosions in Mines, and he is taking an important 
part in connection with the experiments on explosions of coal-dust, now being 
carried on at the instance of the Government. 

The Royal Medal on the biological side is bestowed on Prof. Ernest 
Henry Starling as a mark of the Society's high appreciation of the wide 
range of his contributions to the advancement of physiology. By his enquiry 
into the relation of lymph production, and the absorption of fluids from 
the peritoneal cavity and the cavity of the eye-ball, he showed the 
dependence of tliese processes upon the osmotic pressure of the blood and 
tissue fluids and the hydrostatic pressure in the blood vessels. He traced 
the connection between the glomerular activity of the kidney and the 
osmotic pressure of the serum proteins. In the course of this investigation 
he measured the osmotic pressure of the serum proteins by an improved 
method. In his excellent studies of the mammalian heart he has greatly 
improved the technique. By much reducing the volume of blood needed to 
maintain a circulation through heart and lung, he has increased the sensi- 
bility of tlie preparation to variations of state, and by introducing into 
the circuit of the blood a readily adjusted resistance to the flow he con 
ascertain the effects of the obstacle upon the heart’s action. He has thus 
been able to show that the rate of beat depends solely upon temperature, 
and varies directly with temperature ; and that the output is independent of 
resistance and temperature, but varies directly with the venous inflow up to 
a certain limit beyond which congestion of the lungs occurs. He has 
discovered that the normal heart of the dog will consume 4 mgrm. of si^r 
per gramme muscle per hour, but that if the animal is diabetic, the heart is 
incapable of consuming sugar — an observation of singular value in the light 
it throws upon the cause of diabetes. But besides the original contributions 
made by Prof. Starling alone or in conjunction with his pupils, we must 
bear in mind the brilliant and fundamental work which he accomplished in 
association with Dr. Bayliss. To the latter Fellow of the Society a Royal 
Medal was awarded two years ago, and it is only fitting that his friend and 
oo-worker should now reoeive a similar honour. 
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The Davy Medal has been awarded to Prof. Raphael Meldola, in acknow- 
ledgment of the distinction of his oontributions to synthetical Organic 
Chemistry, especially in the series of aromatic compounds. He discovered 
the first representative of the oxazines, a group which has since been 
developed into one of great importance. He has contributed to the 
chemistry of naphthalene derivatives, and carried out extensive researches 
upon the azo- and diazo-compounds, with results which have an important 
bearing upon the question of the constitution of these compounds. He has 
likewise added to our knowledge of the chemistry of other groups of 
nitrogen-containing compounds, notably the triazines and the iminazoles. 
Of late years be has shown the synthetical value of compounds containing a 
mobile nitro-group, and has discovered a remarkable new class of quinone- 
ammonium derivatives. He is the author of several well known treatises on 
chemical subjects; among the latest of these, one entitled ‘The Chemical 
Synthesis of Vital Products,’ lias taken rank as a standard work of reference 
in the important field of which it treats. 

The Sylvester Medal is conferred this year on the veteran mathematician, 
James Whitbread Lee Glaisher. His prominent career in mathematical 
science, which began at an early ago, has been continued down to the 
present day without renuaniun, not only in the production of original papers, 
but in University teaching, and in the careful editorship of most of the 
special mathematical journals in this country. To these journala he has 
constantly contributed much of his own work, such as his papers on the 
Theory of Numbers, on Elliptic Functions, and many other departments of 
pure mathematics. We desire to recognise his single-minded devotion to the 
science to which he has de<Uoated his life. We trust that the award of this 
Medal will be acceptable to liim, as once more associating bis name with 
that of his old friend, Sylvester, with whom he was so closely bound in 
editorial and other labours. 

In considering the bestowal of the Medals this year the Council has 
determined to award the Hughes Medal to one who has spent bis days in 
the application of scientific discovery to practical life — ^Alexander Graham 
BelL Although he has been resident for many years on the other side of 
the Atlantic Ocean, we remember that he was born in Edinburgh, and was 
educated there and in London, so that we claim him as a fellow countryman. 
His preponderating share in the invention of the telephone, now so long ago 
as 1876 , and his practical investigations in phonetics, have laid modern 
civilisation under deep obligation to him, while his numerous other 
inventions and experiments show the fertility of his genius. The Hughes 
Medal appeared to the Council to be the most appropriate mark of our 
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appreciation which could be offered to a man whom we specially desire to 
honour. 

One final duty remains for me to perform before 1 retire from this Chair. 
1 have to thank the Fellows of the Society for the great honour which they 
conferred upon me when they elected me to be their President, and also 
for the kindness and sympathy witli whioh they have surrounded me during 
my tenure of the office. To the Council, the Officers, and the permanent 
Staff I would express my grateful appreciation of the uniform helpfulness 
and cordiality with which they have assisted me in the discharge of the 
multiform duties that appertain to the Presidency. These last five years 
have been to me a singularly full and happy time, the memory of whioh will 
ever be to me a delightful retrospect. It is my belief that 1 leave the 
afbirs of this great Society in a not less prosperous condition than that in 
which they were entrusted to me. I shall hand over the reins of Office to 
one whose scientific achievements confer a lustre on the Boyal Society, and 
whose long experience of the conduct of our work gives the best assurance 
that the prosperity of the Society in past years will be amply maintained 
in those that are to come. 


The Analysis of Crystals by the X-ray Spectrometer. 

By W. Lawrknce Brago, B JL. 

(Communicated by Prof. W. H. Bragg, F.R.S. Received November 13, — Bead 

Novembet'27, 1913.) 

In a former communication to the Royal Society,* an attempt was made 
to determine for certain crystals the exact nature of the diffiracting system 
which produces the Laue X-ray diffraction photographs. The crystals chosen 
for particular investigation were the isomorphous alkaline halides NaOl, KCl, 
KBr, and KI. As in the original experiments of Lane and his collaborators, 
a thin section of crystal was placed in the path of a narrow beam of X-rays, 
and the radiation diih'acted by the crystal made its impression on a 
photographic plate. By noticing what differences were caused in the 
photogmph by the substitution of heavier for lighter atoma in the crystal, a 
definite arrangement was decided on as that of the diffiracting points of the 
crystalline grating. 

* W. L. Bragg, ‘Bey. 8o& Proa,' A, voL 88^ pb MA 
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Though it was found possible in the case of these simple salts to determine 
the position of the atoms of alkaline metal and halogen, which constitute the 
elements of the dimensional diffraction grating, yet this method, which may 
be called the photographic method, is very limited in its range of applications. 
It was only the extremely simple nature of the NaOl structure which made 
its analysis possible. On the other hand, the X-ray spectrometer, which has 
been devised by W. H. Bragg for the purpose of studying the reflection of 
X-rays by crystals,* affords a very much more powerful method of research 
into the structure of the crystal. 

The photograpliic method works by throwing on the crystal a beam of 
white ” X-radiation, and comparing the strength of the beams reflected by 
various types of planes (nets) of the point system on which the atoms are 
arranged. The X-ray spectrometer employs a monochromatic radiation and 
faces are examined in detail one by one. In the first place, the S{)ectrometeT 
tells the distance in centimetres of plane from plane parallel to these faces. 
Moreover, if the successive planes are of identical composition, the results of 
the examination show this. If on the other hand the planes occur in groups, 
• each group containing several planes of different nature, it is hoped that the 
results given below will show how the instrument can be made to give the 
exact spacing and relative masses of the planes of these groups. This means 
that we can obtain enough equations to solve the structure of any crystal, 
however complicated, although the solution is not always easy to find. In 
this paper 1 wish to indicate the solution for several types of crystals. For 
many of the experimental results I am indebted to my father, the rest have 
been obtained in Leeds with one of the spectrometers which he has 
constructed. 

Parallel to any one of its possible faces, a crystal may be r^arded as being 
built up of a series of planes. Each plane |>a8se8 through the centres of one 
or more sets of atoms identical in all respects. The successive planes, 
encountered in proceeding in a direction perpendicular to the face under 
consideration, may not be identical in their character. They can always, 
however, be divided into groups in such a way that each group contains a 
sample of every kind of plane, arranged in an invariable order. It is proposed 
to call the distance between the groups d when (IM) are the indices of the 
crystal face. The pattern of the arrangement of planes repeats itself in the 
distance d 

As an example of the arrangement of these planes, we may take the cubic 
crystal of sodium chloride, XaCl. The structure of the crystal has been given 
in the paper cited above. It is there shown that the arrangement of sodium 
♦ W. H. Bragg and W. L. Bragg, ‘ Roy. Soc. Proc.,' A, vol. 88, p. 488. 
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•nd chlorine atoms iu this crystal must approximate closely to that given in 
fig. 1. Here wo have points of two kinds, black and white, arranged at the 
eoraers of a set of cubes. Parallel to any cube edge such as AB, the points 



N«Cl NaCl NsCl NeCl (hia taa NmCI Ns Cl Ns a Na 


d(iot) as a d(uo) = a/\/2 *» 2af\/Z 

Fio. 1. 

ate arranged in rows of alternate blacks and whitea The measurements of 
the single crystal give only Uiis arrangement of points of two kinds, and 
do not ab initio indicate how many atoms are to be associated with each 
of the points. For the sake of simplicity the assumption was made that 
each point represented a single atom. Every crystal investigated has 
strengthened the probability of the truth of this assumption, for it can be 
shown for the other crystals, whose structure has now been discovered, that if 
the pmnts in fig. 1 represent a group of n atoms, the diffracting points of all 
■these crystals also represent a group of » atoms. It seems very improbable 
that tins should be ^e for such different crystals as the sUcaUne halides, 
ammonium chloride, diamond, fluor, the pyrites class, zino blende, the calcite 
olaas and dolomite, for ail of which the structure has been fdund. In view of 
. this, it will be assumed that the difibacting points ate atoms. 

Planes parallel to the cube face ABOD contain both sodinmand oblorine 
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stoma in equal numbers. The successive planes ABCD, Ipmn, EFGH, are 
identical in their properties, and if we take the side AD to be equal to 2a, 
these planes are separated by a distance a. Thus we have d(ioo) = a. 

The planes parallel to DBFU also contain both sodium and chlorine atoms, 
and successive planes are identical. It is easy to see that d(iio) = aly/2. 

It is different in the case of planes which are parallel to EDB, with the 
indices (111). The plane EDB passes through sodium atoms alone, as ocm be 
seen by consulting the figure. The next plane efh passes through chlorine 
alone, the next .again through sodium alone. We have to proceed a distance 
etiual to the perpendicular from £ on AFH in order pass from one sodium 
plane to the next. Thus we have d(ui) = 2a/v/3. 

These results are represented in fig. 1 B. 

We will now consider the evidence given by the X-ray spectrometer 
concerning the nature of these planes. When monochromatic radiation falls 
on a series of equally spaced planes, each of which can reflect only a small 
fraction of that radiation, reflection is practically non-existent unless the 
relation 

n\ SE 2(Z8in 0 

holds good. X is the wave-length of the incident radiation, 0 the glancing 
angle of reflection, d the distance between the successive planes and n a 
whole number. Thus reflection is possible at a series of angles 0i, $t, Bt, etc., 
whose sines are in an arithmetical progression, got by substituting integers 
for n. The source of the monochromatic radiation used in these investigations 
,was an X-ray bulb with anticathode of palladium. It has been shown by 
W. H. Bragg* that this metal gives off very little general radiation indeed, a 
large proportion of the energy in the spectrum being concentrated in two 
lines, one of which is much stronger than the other. It is this strong 
padladium line which is referred to below. Its wave-length is equal to 
0’676 X 10“* cm. 

Examples of the curves obtained, when investigating the reflection from a 
crystal face, have been given in former papers. A series of measurements of 
the strength of the reflected beam for different angles are made, the 
crystal and ionisation chamber being always set so that the one reflects 
into the other. At all angles there is a general reflection. At the angles 
01 , dt, Ot which satisfy the condition 

n\ = 2(Zsin0, 

when X ss 0*576 x 10~' cm., a strong special reflection is superimposed on 
the general. By subtracting the reflection at these angles from that at 

* Supra, p. 430. 
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neighbouring angles, a measure of the intensity of this special reflection is 
obtained. The amount of general reflection is almost always small compared 
with the special reflection, when a palladium bulb is used. 

In this paper the intensities of the spectra and the angles of reflection 
will alone be given. In some cases investigated by my father, the bulb used 
had a rhodium anticathode, rhodium having a spectrum almost identical 
with that of palladium. 

Table I. 

The angles give the setting of the ionisation chamber. The* numbers are 
proportional to the intensities of the spectra. 

Book talt, Pd lavi— 

(100) 100 IIT »0 23-8* 7 8«-2“ 

(110) 100 16 ‘S* 24 34-0* 7 SS CP 

(111) 20 102" 100 80'6“ 0 — 6 43-5* 

Floor mr, Pd rsw— 

(100) 0 — 100 24 «* 0 — U 60«* , 

(110) too 17 ‘4” 16 85*4* 6 51*6* ! 

(111) 100 10*7* 0 81*6* 10 82-6'’ 0 48*7* 8 68 ff* i 

Zino blende, Rh mvi — 

(100) 40 12*8* 100 26-0’ 0 

(110) 100 18 *2* 26 87*2* 7 87 *6* 

(111) 100 11*4® 6 28 -O’ 8 84-r 

Fnitee, Bb rsTe— ~ 

(lOO) 100 18*<P 0 26*2® 0 8»-6° 14 68-8* 4 OO-O® 

(110) 100 18*1® 60 87*2® 0 — 0 

(110) 80 11*4® 100 22*6® 60 84*2® 0 — 22 68-8® 

I 

The intensities of the rock-salt spectra will be found in Table I. The 
results for the faces (100) and (110) are of what may be called the normal 
type. The reflection of the first order, for which has the value given by 

\ ss 2d sin 01 , 

is very pronounced. The reflection of the second order, for which 

2X = 2<fBinda, 

is much less intense, and the other reflections diminish regularly in intensity 
as the order of reflection increases. 

It will be noticed that 0i for the face (100) is 5*9^ 0i for the face (110) is 
sin 6-9^ ^ d(iio) 

* The Angles given in Table I are those at which the ionisation chamber is set These 
angles can be determined with much greater accuracy than the angles of reflection 
which are ball as great 
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The spectra reflected from the face (111) have a very different appearance. 
The second spectmm is now much more pronounced than the first. The 
reason for this appears when the arrangement of the planes parallel to this 
face is taken into consideration (see fig. 1 b). Instead of the successive planes 
being identical in character sodium and chlorine pianos alternate. 

The first spectrum corresponds to the spacing d(iii) of chlorine to chlorine 
planes. The reflection corresponding to this spacing is spoilt, however, by 
the interposition of the l^hter sodium planes, exactly intermediate with the 
chlorine ones. 

The effect of this is to weaken all the odd spectra in comparison with the 
even. If the sodium planes were so light os to be non-effective, the odd 
spectra would be of normal strength. If they became as effective reflecting 
agents as the chlorine planes, the odd spectra would disappear entirely, for one 
would have a succession of identical planes at a distance d(iii)/2. What is 
actually the case represents an intermediate state of affairs. 

This very simple case has been entered into in some detail in order to make 
clear what followa Two crystals will now be considered which present 
slightly more complicated features. 

Zine Blende, ZnS. — This case is of especial interest as it is the crystal 
originally employed by Lane in his investigations. The spectra for the 
principal faces were obtained by W. H. Bragg, and published in our joint paper* 
on “ The Structure of the Diamond,” where a short account of the crystalline 
structure was given. The arrangement of the heavy zinc atoms of the crystal 
is revealed by the Lane photographs, they lie on a faoe^sentred cubic lattice as 
do the chlorine atoms in sodium chloride. This oonolosionmay be verified by 
a comparison of the dimensions of the spacing for rock salt and zinc blende. 
For if the atoms of the metal are in both cases arranged on the same type of 
cubic lattice, then the relative dimensions of the lattices oan be found by 
comparing the molecular volumes of the two substances. The distance 2a 
should be proportional to the cube root of the molecular volume, and therefore 
sin 6i inversely proportional to this quantity. This is found to be so. 

The zincs are arranged on a faoe-oentred cubic lattice. Let this lattice be 
supposed to suffer a translation in the direction of a cube diagonal (DF in 
fig. 2), the lattice remaining parallel to itself. The extent of the translation is 
just such as to bring the point D to the centre of the small cube DdQCLOnN 
of which it was formerly a comer. The new points thus arrived at represent 
the positions of the sulphur atoms. 

The principal planes then have the arrangement depicted in fig. 2b. 

Beferring to Table I the spectra of (110) are alone normal; for (100) the 
* * Boy. Soo. Proa,' A, voL 89, p. 277. 
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odd spectra are small compared with the even, exactly as for r^k salt (111). 
The (111) planes are of a new tjpe, inasmuch as the sulphur planes are so 
placed as to tend to destroy the second spectrum as compared with the first 



(100) 


B 


( 110 ) 


(III) 


Zn S Zn S Zn 


2iS ZhS ZhS ^ZhS 
Fio. S. 


ZhS Zh S Zn S 


and third. The effect of this is very noticeable in the spectra. It is to be 
noticed espedally that the trigonal axis perpendicular to the planes (111) of 
this crystal is made polar by this arrangement of the atoms. Passing along 
it in one direction, the pairs of planes Zn and S are encountered in a different 
order to when passing in the opposite direction. This accounts for the fact 
that zinc blende belongs to the ditesseral polar class of the oubio system. 

Muor spar, CaFg, presents a very analogous case. Here again the atoms of 
the metal are arranged on a face-centred oubio lattice. The normality of the 
(110) spectra indicates that the fluorine atoms lie in the (110) planes of the 
lattice formed by the calcium atoms, and we therefore place them at the 
centres of the eight cubes into which the large cube ABfIDEFQH is divided 
in fig. 1. Since we now have twice as many fluorine as calciums, each of the 
small cubes must have a point at its centre, instead of one half of the cubes. 
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as in the case of zinc blende. This rtdses the symmetry again to that of the 
holohedral cubic class. The arrangement of planes parallel to the principal 
faces is shown in fig. 3. 

On comparing the spectra of flnor spar (Table 1) with those of zino blende, 
(100) (110) (III) 



Fia. 3. 

it will be seen that for floor spar (100) the spectrum analogous to the first in 
zino blende is now entirely absent. Similarly the second (111) fluor spar is 
absent, though a faint second (111) exists for zinc blende. This must mean 
that the planes Fg are equivalent to the planes Ca in reflecting power, and so 
the odd spectra from the (100) face of fluor spar are annihilated. 

This is an indication of a general law which will be tested much more fully 
later in the paper. This law states that “ the difflncting power of an atom is 
proportional to its atomic weight.” We have already seen for the case of 
potassium chloride that two atoms of nearly equal atomic weights difficaot 
equally. This law can now be extended to such cases where we are balancing 
a single atom of calcium (at. wt. 40) c^inst two atoms of fluorine (19 + 19 s 38). 

The spectra for diamond are given in our paper on the structure of that 
crystal (foe. etf.). In diamond carbon atoms are substituted for both the 
zincs and sulphurs of zino blende. This raises the symmetry to that of the 
holohedral cubic class. If we imagine the zincs and sulphurs of zinc blende 
to become equal in diffiracting power, the spectra would assume the form 
characteristic of diamond. The first (100) entirely disappears, as does the 
second (111). 

For these four structures given here, the symmetxy fixes exactly the 
position of each atom. Eveiy atom is in such a position that the forces on it 
must obviously be in equilibrium. For instance, each sulphur in zinc blende 
is immediately surrounded by four zincs symmetrically placed so as to form 
the oamers of a tetrahedron, of which tire sulphur represents the centre of 
figure. The more distant zincs can be also seen to be so situated as to ensure 
that their actions on the sulphur atoms balance. The same is true for the 
otiber orystala If we assume that the atopm themselves have no polarity 
and that their attractions and repulsions of neighbouring atoms are not a 
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function of the orientation of the atoms, it follows that the structures assigned 
to crystals are those in which there is equilibrium. The stability or other- 
wise of this equilibrium is another matter. 

We will now consider a case for which this does not hold good. The atoms 
in this case are no longer at the “ centres of the figure ” of the structure, 
they are displaced by a very large amount from these ideal positions, and 
their exact situation is not fixed by the symmetry. 

Iron Pyrites, FeSj.— Cubic. Symmetry Tesseral Central. The spectra of 
iron pyrites are given in Table I. It will at once be evident that they are of 
a very much more complicated nature those of fluor spar or zino blend& A 
comparison of the molecular volumes and reflection angles of this crystal and 
those considered above shows that the iron atoms are i^ain present in such 
numbers as they would be if arranged on a face-centred lattice. Since the 
first spectra are also in the positions to be expected for such a lattice, it is 
clear that this lattice is again the basis of the structure. 

If the iron atoms were on the face-centred lattice of figs. 1 and 2- and the 
sulphur atoms at cube centres, the structure would be similar to that of 
fiuor spar. Since sulphur is approximately of half the atomic weight of iron, 
just as fiuorine is of calcium, one would expect the spectra of these two 
crystals to resemble each other. This is far from being the case, and we must 
alter the structure in such a way as to explain the observed spectra. 

The spectra for the face (100) are very peculiar. The first spectrum is 
pronounced, the second and third are absent, the fourth and fifth are of 
normal size compared to the first. This suggests that the arrangement of the 
pyrites (100) planes is somewhat similar to that of the planes (111) of fluor 
spar (compare fig. 3). 

In order that this may be so we must displace the sulphurs from their 
positions at the cube centres. Normally each small cube (as in fig. 2) possesses 
four trigonal axes intersecting in the centre of the cube. If the sulphur 
atom is moved, from its position at the cube centre, this high symmetry 
is degraded, and some of the trigonal axes disappear. Therefore moving the 
sulphur atoms from the centre involves the sacrifice of some of the elements 
of symmetry. Four trigonal axes intersect in each iron atom, and of them 
one at least must be retained, in order that the crystal may be of the cubic 
qrstem, and the iron atoms may remain identioal with each other. This 
involves the retention of one trigoiml axis as a diagonal of each small cube 
(fig. 4), and it is, therefore, along this diagonal that the sulphur must be 
displaced. It must lie on the diagonal, for if not each small cube would 
contain three atoms of sulphur arranged around the trigonal axis, wl^e we 
know it only contuns one. 
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It fidems to follow, therefore, that the displacement of the sulphur atoms 
must be carried out in the following way. One diagonal of each cube is 
chosen to be preserved as a trigonal axis, the choice taking place in such a 
way that none of the trigonal axes intersect. Each of these diagonals then 
has an iron atom at one end and a vacant cube comer at the other. Then the 
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salphur atoms most be displaced along the selected diagonals on which they 
lie. All must be displaced towards the neighbouring iron atoms, or all away 
firom them. The amount of the displacement is a variable quantity at our 
disposal. When this has been done, the structure possesses the symmetry 
charaoteristio of iron pyrites (Tesseral Central). The projection of the 
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atoms in tiie unit cube ABCDEF6H* as projected on the plane BHGC is 
shown in fig. 4b and it is clear that the tetragonal axes perpendicular to this 
face have been destroyed and that only digonal axes remain. The centres of 
symmetry are situated at every cube corner. Let the sulphur atom be 
displaced along the axh* until it divides tlte diagonal in the ratio 4 to 1, the 
displacement taking place towards the unoccupied cube comer. The arrange* 
ment of the principal planes which then exists is shown in fig. 4c. 

Being situated at l/5th d(ioo) from the iron planes, the sulphurs will lend to 
out out both the second and third (100) spectra. For if they were at ^ d<ioo> 
from the iron planes, they would just cut out the second spectrum ; if at 
l/6thd(]M), they would cut out the third. In the plane (110), the presence 
midway between planes FeS of the pair of planes S/2 will tend to raise the 
second (110) spectrum as compared with the first. For the planes (111) the 
first spectrum will be small comi»ared with the second, and the fifth will be 
abnormally large. This qualitative comparison of the spectra with those 
actually obtained will demonstrate that the position of the sulphur atom 
which we have assigned to it is not far from the truth. 

Since in the case of iron pyrites the positions of the sulphur atoms are not 
fixed by the conditions of symmetry, the more or less qualitative analysis so 
far employed can only suggest their positions approximately. In order to 
fix these positions with accuracy, it is necessary to develop some quantitative 
comparison of the intensities of the first, second, third, fourth, and fifth 
spectra. 

The Qmntitaiive Compariaon of Spectra. 

In the first place, experiments seem to indicate that the diffracting power 
of an atom varies as its atomic weight. The ratio of the diffracting power of 
two atoms is taken to be the retio of the amplitudes of the diffracted 
wavelets which each would send out in identical circumstairoes, the same 
exciting wave passing over them. In the case of fluor spar, it has already 
been seen that the two fluorine atoms, whose combined atomic weights 
amount to 38, equal in diffiracting grower the single calcium of atomic 
weight 40. The series of carbonates isomorphous with calcite provide 
another case, which illustrates this law very clearly. 

The spectra assign a very simple structure to these compounds, which 
belong to the rhombohedral holohedral crystal class. The exact structure of 
the calcite crystal is immaterial for present purposes ; it is given in detail at 
the end of this paper. It is only necessary to note that, perpendicular to the 

* In fig. 4 the cube ABCDEFGH has been represented as divided into halves in 
order to make the disposition of trigonal axes (the dotted diagonals) more clear. The 
lettering will show how the cubes are to be connected. 
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trigonal axis, the planes are evenly spaced, and contain alternately calcium 
atoms and groups of the composition CO 3 (qa. fig. 7). As is to be expected 
from its close structural relationship with calcite, sodium nitrate gives 
spectra in every way analogous to those of the calcite class. It is tlierefore 
included in the table below, 

In Table II are given the relative intensities and angles for the first, 
second, third, and fourth spectra from faces ( 111 ) of the compounds 
NaNOa, CsMg(COs)a, CaCO«, MnCO» FeCOg. As before, the angles are 
those of the ionisation chamber, or double the glancing angles of reflection. 
It will be seen that, as the atomic weight of the metal approaches that of 
the group COs, the first spectrum becomes smaller compared with the second. 
This means that the planes R" and CO 3 are becoming more nearly equal 
in diffracting power. Iron and manganese, with atomic weight of 56 and 55 
respectively, must have appn>.Yimately the same diffracting power as the 
group CO 3 , for which 0 + 30 = 12 + 48 = 60, for the first spectrum has 
vanished in the case of FeCOa and MnOOg. This must mean that diffbacting 
power is proportional to atomic weight. 


Table II. 

(Ill) face, calcite class. Pd rays. 


Spectra. 

Ist. 

1 2nd. 

1 

8rd. 

1 

4th. 

Na NO, 


60 

0 

0 

28 68 

i u-ff* 

28*8" 

— 


OaMg (00^ 



0 

8 

88 60 

12 *6“ 1 

j 24*6'' 

— 

62*2’ 

Oa CO, 

80 


0 

14 

40 60 

11 *8“ 

1 28 *4“ 

— 

48-2® 

Mn 00, 

0 

1 100 

0 

10 

66 60 

— 

1 ae-e* 

— ! 

62 -O® 

Fe CO, 



0 

0 

66 60 

* 

! 26 y 




Secondly, it has been seen that, when the rays are reflected frim a series 
■of planes which are regularly spaced and identical in all respects, the 
successive spectra diminish in intensity in a perfectly orderly manner. It 
can be further stated that, for all oases where the planes are of this type, the 
inteneitiee of the successive qiectra are approximately in the same ratio. If 
the first spectrum has an intensity 1 , the second, third, fourth, and fifth 
epectra have intensities 0‘2, 0*07, 0‘03, 0*01. These numbers are only 
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suggested as being very rough approximations. The faces (100) and (110) 
rock salt, (110) fluor and zino blende, (lOO) and (110) diamond, are oases 
where the spectra intensities are of this normal type (see Table I). 

Let us now suppose that we are considering the reflection from faces of a 
crystal of a binary compound, composed of two elements, A and B, of atdmie 
weights mi and m*. The successive planes parallel to any one face may be 
identical in all respects, and contain both A and B atoms. Or, as often 
happens, they may alternately consist of A atoms alone and B atoms alone. 
In the first case the spectra will be of the normal type. The identical planes 
of composition AB may be considered as consisting of two sets of coinoident 
planes of composition A and B. Now, let us suppose that the whole set of 
B planes is slightly shifted relatively to the A planes, so that (1) passes 


( 1 ) 


( 2 ) 


AB AB 


AB 


D 


Fio. 5. 


A B A B A B 

1^ II M 


I 

I 

{ 



into (2), fig. 5. The distance D remains the same as before ; the shift of the 
B planes is equal to D/n. 

This causes the wavelets from the B planes to be in a different phase to 
the wavelets from the A planes. All other conditions remain the same ; the 
same incident wave passes over the planes as would if they were coincident ; 
it is absorbed to the same extent on reaching a corresponding depth ; the 
emergent reflected wave is also equally absorbed by the superficial layers of 
the crystal. We can therefore compare with fairness the strength of the 
reflection from (1) with that from (2) under similar conditions, by com- 
paring the reflection by a single plane AB with that by the pair of planes 
A and B. The amplitude of the wavelet reflected from planes A is pro- 
portional to mi. That from planes B is propmtional to m$. They differ in 
phase by flw/n for the first spectra, 4w/n for the second, and so on. Thus 
we may institute the following comparison 
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Order of 
■pectnun. 
1 
2 

‘ 3 
4 
6 




Case I. 
l(»ii + Wa)» 
0-2(jni+OTj)*, 
©•O? (ffll + OTs)* 

0‘03 {tni + maf 
OOl (wij+wtj)* 


Cue II. 

1 [»ii* + mj*+ 2m.xm% cos (2ip/»)] 
0‘2 [»»i*+7»i*+ 2mim8 cos (4iir/n)] 
0-07 [»ii*+»na*+ 2»iim(COB(6ff/n;] 
0‘03 [oti*+j»i?+ 2 j«i »18 co8(8ir/«)] 
001 2m\mt cos (107r/n)] 


The intensity of the spectrum is taken to be proportional to the square of 
the amplitude of the resultant reflected wavelet. 

It is obvious that this reasoning may be extended to oases where the 
arrangement of pianos is more complicated. It is only a question of finding 
the resultant of several wavelets of known amplitudes and phase relations, 
as against that of finding the resultant of two. We are now in a position 
to calculate theoretically the spectrum intensities to be expected for any 
structure assigned to a crystal. In this calculation the following assumptions 
are made : — 

1. The difiracting power of an atom is proportional to its atomic weight. 

2. The "normal" spectra reflected from a simple series of identical planes 
have intensities in the ratio 

1, 0-2, 0*07. 003, O'Ol. 

3. Neighbouring atoms diffract independently of each other. 

This last has been tacitly assumed above. 

The results of the calculation are given in Table III (p. 482). 

It will be seen by these results that the calculated and observed intensities 
obviously run parallel to each other. Taking into account the many experi- 
mental errors in the determination of tho relative intensities, and the crude 
nature of the assumption which has been made, closer agreement could not 
be expected. The results certainly show that all the peculiar features of 
any set of spectra can be assigned to structural peculiarities of the crystal. 
If a certain spectrum is missing, or is unusually strong, a reason for it is 
found in the arrangement of the crystal planes. 

Iron pyrites provides a good example. In order to account for the 
peculiar fact that the (100) planes have no second or third spectrum, we 
place 'the sulphur atoms in such a position as to divide the diagonal in 
the ratio 1:4. When the sulphur atoms are placed here the structure 
of the oiystal is illustrated in fig. 4. 

In this figure (A) represents the unit cube of the strueture which is 
afterwards repeated without change parallel to itself. It is the unit of the 
pattern, and its sides ate the primitive translations of the group. Four 
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Table IIL 


a 

Obeerred. 

Ckloulated. 

Sp6otni 












let. 

2nd. 

drd. 

4th. 

Sth. 

lit. 

2ad. 

3rd. 

sth. 

sth. 

Rock lalt — ! 

1 



1 

1 




1 

1 



flOO) 



7 

^ 1 


100 

20 

• 7 

8 


(lioj 


24i 1 

7 ! 

j 

— 

100 

20 

, 7 

8 


(in) 

m 


0 


— 

22 

100 

1 * 

16 


Fluor «por— 


1 






1 

! 



(lOOj 

0 


0 

18 


0 

100 


16 


Oio) 


16 

6 



100 

20 

7 



(111) 


0 

10 

0 

3 

100 

0 

7 

11 

1 

Zinc blende — ' 





1 






(100) 1 



0 

0 

— 

68 

100 

6 

8 


(no) 


26 

7 

0 1 


100 

20 

7 



an) 


5 

8 

— 

— 

100 

4 

n 

8 


Iron pjrifcw— 











(100) 


0 

0 

14 

4 

100 

0 

0 

8 

6 

(no) 

100 

60 


— 

— 

100 

60 

11 

18 


(III) 

80 


m 

0 

22 

78 

100 

36 

0 

21 

Ideal ipeotrum 

100 

nni 

D 

8 

1 


iron atoms and eight sulphurs are associated with it. The cube is repre- 
sented ns being in two halves, in order to make the structure more olear. 
The diagonals which are marked are trigonal axes of the system. Every 
comer of the eight small cubes into which the structure is divided is a 
centre of symmetry. Through each side centre of these cubes passes a single 
digonal screw axis, parallel to one of the cube axes. Fig. 4b represents the 
structure as projected on a plane (100), and it is evident that this face has 
a digonal axis, and not a tetragonal axis, perpendicular to it 

The features are those oharacteristio of the crystal class to which iron 
pyrites belongs. 

The way in which the spectra of iron pyrites have been oalonlated from 
the assumptions given above will be entered into rather fully here, as this 
case is a good instance of the quantitative analysis of strength of spectra. 

The arrangement of planes parallel to the three principal faces of the 
crystal is given in fig. 4c, the sulphurs bemg placed so as to divide the 
diagonal in the 1:4 ratio. This is done in order to aoconnt for the fact 
that the fcce (100) has no second and third order spectra. For calculation 
then gives for the relative amplitudes of the first, second, and third spectra 
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66 + 2{32oo8(27r/6)} = 66+21 « 77. 

56+2(32 cos (4ir/5)} = 66-61 = -5. 

66+2{32oos(67r/6)i = 66-61 = -5. 

It is obvious that when these amplitudes are squared and multiplied by 
the factors for the normal spectrum, the second and third spectra will be 
vanishingly small compared to the first. 

The planes parallel to (111) have a peculiar arrangement; their spectra 
oan be worked out by the help of fig. 6. The three circles in the figure 



have radii proportional to Fe = 56, S/4 s 8, 3S/4s24. Each circle 
is divided into five by the lines OAiBiCi, OAsBaCs, etc. The angle 
AiOAi = 2fr/6 ss 72°. The wavelets which are reflected from one of these 
groups of planes and which go to build up the first spectrum have relative 
amplitudes and intensities represented by OB4, OAs, OCi, OAj, OB3, these 
being due to the planes 3S/4, S/4, Fe, S/4, 3S/4 of a group. The ampli- 
tudes of these waves are 24, 8, 66, 8, 24 respectively, and their resultant is 
56 + 2-8oo8(27r/6) + 2*24co8(4w/5) = 56+6-38 = 23. 

For the second spectrum the resultant of OBa, OA4, OCi, OAa, OBs,i8 
equal to (56—13 + 15) s 58. For now the 3S/4 planes are 87r/6 out of phase 
with the Fe planes, and the S/4 planes 4ir/6 out of phase. The third spectrum 
is the resultant of these same components, and the amplitude of the reflected 
wave is proportional to 58. For the fourth we have the resultant of 
VOL. LXXXEC.— A. 2 P 
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OB4, OAn, OCi, OAs, OB3, as for the first speotmin. The resultant is again 
proportional to 23. For the fifth spectrum obviously all the components are 
in phase. The amplitude is measured by 56 + 64 a 120. 

Thus the amplitudes of these spectra are in the ratio 

23 : 58 : 58 : 23 : 120. 

So far, therefore, their inlenmtieH are in the ratio 

(23y : (58y : (58)* : (23)> : (120)*. 

And when multiplied by the factors for the normal spectrum, these ratios 
become 

(23)» : 0-2(58)* : 0-07(58)* : 0 03(23)* : 0 01 (120)*, 
or 78 : 100 : 80 : 2 -. 21. 

If the sulphur atonis are placed so as to divide the cube diagonal in the 
ratio 1 : 3 (see fig. 7), the strengths of the spectra, as calculated above, 
liecome 

100 ; 56 : 38 : 0 : 8. 

If they divide the diagonal in the ratio 1 : 5, they con be calculated to be 
19 ; 100 : 24 : 7 : 17. 

Therefore, we have the following comparison : — 


Batio. IntensitioB. 

1 : 3 100 56 38 0 8 

1 : 4 78 100 35 2 21 

1 : 5 19 100 24 7 17 


Observed intensities 75 100 50 0 22 

The 1 : 4 ratio seems, therefore, to be very nearly the true one. These 
three situations for the sulpiiur atom are very close. If d = length of cube 
diagonal, the distance of the sulphur atom from the cube comer is 0-25 <f, 
0'20(f, 0-17<f for the three cases. It seems reasonable to conclude from 
these figures that this distance lies between 0-19(f and 0-21(f, or that the 
position of the sulphur atom on the diagonal may be found to 1 or 2 per 
cent, of the length of the diagonal 

The crystalline structure of liauerite, MnSj, is, as far as has been investi- 
gated, identical with that of iron pyrites. The (100) planes have a strong 
first spectrum and no second and third. The planes (111) have the first, 
second, and third spectra in the ratio 32:100:50. As the only crystals 
available were small no great reliance is to be placed on these figures 
except as indicating that the structure is very nearly that of iron pyrites. 
This is surprising, considering the great difference in the molecular volnmo 
of haueirite, 34-4, as compared with that of pyrites, 23*6. 
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All the calculated spectra in Table III have been worked out in this way. 
Let it be rei>eated here tiiat tlie factors representing the strengths of the 
normal spectra are only intended to be rough approximations. They do not 
represent an unaltering relation between the relative strengths of the si)ectra 
of different orders for all substances. This relation probably varies with 
the substance and with the angle of reHcction of the first spectrum. They 
are merely introduced in order to make it clear that the peculiarities of the 
spectra obtained from the crystals dealt with liere can bo satisfactorily 
explained by the structures assigned to them. 

Fluor si>ar belongs to the holohedral class of tlie culiic sysUnn, and the 
structm-e we would assign to it is of that synnnetry. Zinc blende is of the 
ditesseral polar class, and tliis agrees with its struclurc as indicated by the 
BiKsctroineter. The Y>ositiou of Uie flnlj>hur8 in the strucUire of 

jiyritcs would suggest that tbc3 crysUl might lie oxx)ectfMl to show that 
strong evidence of its tosseral central symmetry wliioh is st) distinct in 
crystals of this substance. But in tlic wise of rock salt, the spectrometer 
gives no indication whatever that the atoms are arranged in any but the 
highly symmetrical structiii'e of fig. 1. Yet there is strong evidence that 
i-ock salt really lielongs to the holoaxial class of the cubic system. If this is 
so, then the distortion of fig. 1 vvhhdi causes this degradation of symmetry 
must l)e very slight. If the sulphur atoms in iron pyrites were very nearly 
at the cube centres, but not quite, the spectra wouhl not show this, while it 
is quite po.ssible tlmt etched figures might reveal the true flass of the crystal. 
It seems that something of this kind nnist l)e the case for rock salt. 
However, the most simi>le distortion which yet ]ai3Berves the equivultuice of 
all sodium and chlorine atoms reduces the symmetry from the holohedral to 
the tetartohedral class of the cubic Bystem, not to the holoaxial class. 

The Structure of C(dcite , — The structure of calcite has been referred to 
already. Table IV gives tlio angles of reflection and the relative intensities 
of the sf^ectra from faces (111), (100), (110), (110), (211). Fig. 7 displays 
the structure these spectra indicate. The rhomb ABCDEFGH has sides 
paittllel to the cleavage planes of the crystal, the value of the angle EAB 
being 102°, With the rhomb are associated four atoms of calcium, 
and so four molecules of calcium carbonate. The mass of a molecule is 
1*64 X 10“®* X 100 gnu., the density of calcite 2*71, therefore the volume of 
this rhomb must be 


1-64 X 10“®* X 100 ^^ 
2*71 


242xl0-®*c.c. 


From this we can calculate that the length of its edge is 6*38 x 10"® cm. 

2 r 2 




Ca CQ, Ca CO, C& CaCOO OCaCOO OCtCO 


Fia. 7. 


C& CO^ Mg CO, Ca 
(Dolomite) 


The reflection is actually found at 5 35 °. This shows that the conect 
number of OaCOa molecules has been assigned to the rhomb. The ( 111 ) 
spectra of the series of carbonates isomorphoos with calcite have already 
been dealt with. They show that the alternate planes parallel to ( 111 ) planes 
have the composition CSCO 3 . 
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Is the simple structure given in 8g. 7a* the symmetry alone fixes the 
positions of the caldum and carbon atoms, calcite belonging to the rhombo- 


Table IV. — Spectra yielded by Calcite (CaCOa). Pd rays. 


(Ill) 

30 

100 

0 

14 

11-2“ 

23 -4’ 

sa-T® 

«-6“ 

(lOO) 

100 

so 

20 

0 

11 -2° 

22-6° 

88 -r 

45-6* 

(110) 

100 

66 

0 


18 0® 

26 8“ 

— 


(110) 

100 

— 

— 


17 -4“ 

— 

— 


(211) 

1 

100 

1 

6 1 

0 


23-2® 

48'' 1 

— 


1 

- - ' 

- ' 

1 




hedral holohedral class. But the oxygen atoms have oue degree of freedom : 
their distance from the nearest carbon atom in the (111) plane can be 
altered without changing the symmetry. As in the case of the sulphurs of 
iron pyrites, a quantitative investigation is necessary in order to determine 
the exact position of these atoms. We will .employ the (100) spectra for 
this purpose. In Table V will be found the intensities of spectra reflected 
from the (100) faces of NaNOa, CaMg(C08)8, CaCOs, MnCOa, FeCOj. It 


Table V. 



Obterveds 

Caloulftted. 

Sodium nitate, 









(100) 

100 

10 

6 

8 





(111) 

100 

60 

— 

— 


76 

7 

12 

Dolomite, (OaMg)(CX>|)r- 









(100) 

100 

14 

18 

8 





(111) 

100 

100 

■1 

6 

60 

100 

3 

16 

Oaleite, CaCOa- 



H 






(100) 

100 

20 

El 


100 

11 

18 

8 

Oil) 

30 

100 

wm 


20 

100 

1 

16 

BhodoohNiits, IfnCOj— 








. 

(100) 

100 

26 

16 






ail) 

0 

100 

0 


■1 

100 

0 

! 

16 

OhalyUte, FeOOj — 





■ 




(100) 

100 

43 

40 

28 





(111) 

0 

100 

M 

m 

■ 

100 

0 

15 


* In fig. 7a, the calcram and carbon atoms alone are represented, for the sake of 
eleameaa Fig. 7b gives a series of sections perpendicular to the trigonal axis EC of the 
crystal, and here the oxygen atoms are in position. 
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will be seen that they differ in character from crystal to crystal. Foi 
calcite^ the second spectriuu is very small compared with the firsts for 
chalybite it is very largo. We will try what effect the position of the 
oxygen atoms has upon the intensity of the (100) spectra of calcite. 

The i>o3ition of the oxygen atom may be defined by the ratio of the 
distance x to the distance d in fig. 7b. The arrangement of the (100) planes 
is shown in fig. 7c, and hero the ratio of the distance between a CaCO 
plane and an 0 plane, to that between successive GaCO pianos, is equal to 
x/d. The planes CaCO have moss 40 + 12 + 16 = 68. The planes O have 
mass 16. The spectra intensities for various values of x/d for calcite are 
calculated to be as follows : — 



1st. 

2nd. 

3rd. 

4tli. 

nth. 

Normal spectrum . . 

100 

20 

7 

3 

X 



100 

6 

7 

7 

1 

„ -0-80 

100 

11 

IS 

8 


„ =0 38 

100 

20 

30 

3 

1 

-0 -86 

100 

30 

31 

a 


» -0 -40 

100 

1 

67 

23 

8 

6 


' The second, third, and fourth spectra are in general so small that it is 
very difficult to estimate accurately their intensities. The results for calcite 
seem to show that the ratio x/d is very nearly 0’30. As for the other 
crystals, x/d for dolomite seems to be rather smaller than this. For 
chalybite it is certainly much larger, about 0'37, though it is difficult to 
acGoimt for the fourth spectrum of that crystal. For rlioduchrosite it seems 
to be about 0*34. In general the value of x approximates to d/3. 

It is tempting to consider that in dolomite the arrangement of planes 
perpendicular to the trigonal axis may be Ca-COa-Mg-COa. This would 
give the crystal the right symmetry (rhombohedral tetartohedral), the 
digonal axes being destroyed by the substitution of magnesium atoms for 
half the calcium atoms.* It would then be expected that a spectrum would 
be found ebrresponding to the distance Mg-Mg planes in dolomite, i.e. a 
s^iectrum at an angle half as small as the usual angle (12-13^ chamber) for 
this series. No trace of such a spectrum has as yet been found, but it would 
be easy to miss it. In the first place the glancing angle for Pd rays would 
be only 3^ in the second place this spectrum would be small compared with 
the first. More careful measurements of crystals will, it is hoped, settle 
these doubtful points. 


* Oompare Barlow and Pope, * Trans. Obem. Soo.*,' vol. 98, p. 165S. 
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Ship Ji^sistance: 77ie Wave-makim/ Properties of Certain 
Travelling Pressure Disturhances. 

By T. H. Havelock, M.A., D.Sc., Armstrong College, Newcastle-on-Tyne. 

(Communicated by Sir J. I^armor, F.KS. Becoivod October 7, — Read 
November 27, 1913.) 

1. In previous papers* I have investigated the wave-making resistance 
of a ship by comparing it with a certain simple type of pressure disturbance 
travelling over the surface of the water. In a recent paperf on the effect 
of fonn and size on the resistance of ships, by Messrs. Baker and Kent of the 
National Physical Laboratory, reference is made to this point of view. The 
main work of these authors consists in the examination of model results and 
the deduction of empirical formulae of practical value. In addition, they 
connect the wave-making proiicrties with the pressure distribution and have 
obtained graphs of the latter for various ship forms under certain conditions ; 
these curves show a range of negative pressure, or defect of pressure, between 
the positive humps of excess pressui'e corresponding to the bow and stern. 
The authors remark that this will have an effect upon the wave-making, but 
conclude that it is sufficient tor their purpose to be able to state that suck 
pressure disturbances, as they have shown to exist when a ship is in motion, 
will produce waves which will vary more or less in accordance with tlie theory 
referred to above. 

Under the circumstances it seems advisable to extend the mathematical 

* ‘ Roy. Soc. Proc.,* 1909, A, voL 82, p. 276 ; alw 1910, A, vol. 84, p. 197 ; uho ‘ Proc. 
Univ. Durb. Phil. Soc.,’ 1910, vol. 3, p 216. 

t O. S. Baker and k, L. Kent, 'Inst Nav. Arch./ June, 1913. 
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theor/ by working ont the wave-making properties of other distributions of 
pressure. Although no attempt has been made to connect the distribution 
directly with ship form, the following examples have been chosen with a view 
to general inferences which can be drawn in this respect. In particular, the 
distributions graphed by Baker and Kent can be represented, in type at least, 
by a mathematical expression for which the corresponding Fourier integral 
can be evaluated, so that one can compare the result with that obtained from 
simpler forms. Although the expression for the wave-making resistance 
becomes more complicated, it is not essentially different from that obtained 
previously ; it appears in general to be built up of terms involving the same 
type of exponential together with oscillating factors representing inter- 
ference effects between prominent features of the pressure distribution. 

2. We confine our attention to two-dimensional fluid motion. We may 
imagine it to be produced in a deep canal of unit breadth, with vertical sides, 
by the horizontal motion of a floating pontoon with plane sides fltting closely 
to the walls of the canal but without friction. We assume that, as regards 
transverse wave-making, this is effectively equivalent to some travelling 
distribution of pressure impressed upon the surface of the water. 

Let Ox be in the direction of motion of the disturbance, and let y be the 
surface elevation of the water. Suppose the distribution of pressure to be 
given by 

P */(*). (1) 

For a line distribution we may suppose the disturbance to be inappreciable 
except near the origin and to be concentrated there in such a manner that the 
integral pressure P is finite, where 

P = j7(»)d^^-- (2) 

When this disturbance moves along the surface of water, of density p, with 
velocity v, the main part of the surface disturbance consists of a r^lar train 
of waves in the rear given by 

gpy St —2it£ ^ KX, ( 3 ) 

where the length \ of the wavds is 

\ s 2w* 

* 9 

We can generalise this result for any form of pressure distribution /(<b), 
which is likely to occur, by the Fourier method. We have in general 

gfyy S — 2« j /(f) sin k (»-f) df 

at — 2«(^siniea;— ‘^oosaa;), 


(4) 

( 6 ) 
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where ^ ae |/({) cos ^ =: j/(f)Bm*frff. (6) 

The mean energy per unit area of the wave motion given by (6) is 
Now the, head of the disturbance advances with velocity v, 
while the rate of flow of energy in the train of waves is the group velocity ; 
hence the net rate of gain of energy per unit area is times the above 
expression for the energy. If we equate this product to Bv, then B may be 
called the wave-making resistance per unit breadth ; and we have 

E = (7) 

We have in each case to evaluate the complex integral 

X = + (8) 

In the examples which follow, the integral has a finite, definite value 
which can be obtained in Cauchy’s manner by integrating round a closed 
simple contour in the plane of the complex variable The function /(f) 
is such that (i) it has no critical points other than simple poles in the 
semi-infinite plane situated above the real axis for f ; (ii) it has no critical 
points on the real axis ; and (iii) its value tends to zero as f becomes infinite. 
Further, the quantity k is restricted to reel, positive values. Under these 
conditions it can be shown* that 


= 2wiSA, 

where SA is the sum of the residues of the integrand at the poles of/(^ 
situated above the real axis. If a is a pole, A is given by the value of 
(f — when f SB a. Alternatively, in the following examples /(f) is 
of the form F(f)/0(f), none of the ^ros of G(f) coinciding with those of 
F(f), and A is given by F(a)e'«“/G'(a). 

3. For the sake of comparison the results which have been obtained 
previously may be repeated briefly. If 

(9) 

the poles are at f = ±««» of which the positive one alone concerns us. 
Hence we have 




f+i* 


»-Ai!- 

a 


Hence from (7) E — 


( 10 ) 

(ll)t 


* Jordan, *Oours d'Analyso,' voL S, % 270. 
t Cf. Lamb, * Hydrodynamics,' p. 301. 
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If A is a constant and independent of the speed v, the graph of B as a 
fanotion of v rises to a maximum and then falls slowly but continually to 
aero as v increases indefinitely. Thus, for an assigned pressure disturbance 
of this type whose magnitude is independent of the speed, there is a certain 
speed beyond which the resistance B continually decreases. 

On the other liand, if the pressure disturbance is that produced by the 
motion of a floating, or submerged, body, it is clear that it will depend upon 
the speed. Since we may suppose the pressures in question to be the excess 
or defect of pressure due to the speed, it seems a plausible first approxima- 
tion to assume that the distribution is not altered appreciably in type and 
that the magnitude is proportional to Thus if in (11) we make A pro- 
portional to we obtain 

R = const. X (12) 

The value of B now tends to a finite limiting value as v increases 
indefinitely. 

If tlio quantity A, specifying the magnitude of the pressure disturbance, 
varies as v”, then the graph of B rises to a maximum for some finite value 
of V, provided n is positive and less than 2 ; the nearer is to 2 the higher 
is the s{)eed at whieh the niaxiinum occurs. For the present we assume 
that fi is equal to 2 ; in any case it does not affect the results of a qtralitative 
comparison of different types of distribution. 

The scope of the assumption may be illustrated by a certain case. 
Prof. Lamb* has worked out directly the wavc-niiiking resistance B due to 
a circular cylinder of small radius a, submerged with its centre at a constant 
depth /, and moving with uniform velocity v ; he finds that B varies with 
the sfteed according to the law If we attempt to represent the 

disturbance approximately by some equivalent surface pressure distribution, 
the type which suggests itself natuially is 

p = A (/»-**)/(/* 

It can be shownf that this distribution, together with the assumption that 
A is proportional to leads to the same law of variation of resistance with 
speed. 

4. In a certain sense the generalisation from a line disturbance to any 
diffused distribution of pressure may be regarded analytically as a case of 
interference ; the final result is due to the mutual interference of the line 
elements into which we may analyse the given distribution. However, the 
idea of interference in ship waves has usually been associated, after the work 

* H. Lambt ‘Ann. di Mateniatica,' voL SI, Ser. 9, p. 837. 

f ‘Boy. Soe. Proe.,’ A, voL 8S, p. 300. 
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of W. Fronde, with tixe superposition of bow and stem wave-systems, that 
is, when the whole system may be separated into two fairly distinct parts. 
I have represented this previonsly by a positive pressure system of type (9) 
associated with the bow, followed by a similar negative system associated 
with the middle of the run. Thus if / is the distance between the centres of 
the two systoins we have in the present notation 

Substituting in (8) and evaluating the integrals wo find 

^ = (Ai— Aa)e“**co8 i/r = (Ai+ Aj)e“"8in J*/. 

Hence from (7) 

= *»(A,»+A8»-2A,A,co8*/)e-»“ (14) 

, Tlie graph of 11 is a mean curve similar to (12) with oscillations super- 
posed upon it, humps and hollows corresponding to rainiraa and maxima of 
COB kI or cos 

It is of interest to note that if Ai and Aj are equal, we iiave 

K = const. X sin* ^ icl. (15) 

Thus, in a hollow, B would lie actually zero if the two pressure systems 
were equal iu magnitude. This, of course, follows at once from general 
principles ; if we have a pressure system followed at a fixed distance by au 
equal and similar systoin, then there arc curtain wave-lengths and corre- 
sponding speeds for which the main regular waves due to the two systems 
cancel each other out exactly. A moving body which would produce such 
a state of affairs would be, in Lord Kelvin’s phrase, a waveless pontoon. 
Of oonrse, this does not occur in ship forms, and there are several reasons 
why it could not be expected to do so. In fact we have in general to suppose 
Ag much less than Ai in (IS). However, it is conceivable that some change 
of form might give more effective interference effects of this kind and so 
deepen the hollows in the resistanoo curve, though possibly as a practical 
suggestion it may be subject to the same limitation as in other casi'S, namely, 
even if the wave-making resistance were lessened in this way probably the 
alterations would so increase frictional and other resistances that there might 
be no gain on the whole. 

5. Baker and Kent have pointed out tliat in oertain oases the pressure 
distribution at the entrance of a ship form is not simply a hump of exoeas 
pressure, but is a hump followed by a hollow of negative pressure. They 
assign to the interference of these two parts a certain subsidiary interference 
effect in the resistonoe which may become important when it coincides with 
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one due to the bow and stern systems. This follows on general grounds, and 
might be represented analytically as in § 4, but it is worth while examining 
other distributions with this oharaoter. 

In the first place oonsideT one which does not give the desired interference 
effect, namely, 

The graph lias been drawn for certain numerical values of the constants 
and is curve A in fig. 1. 


We have X = j* = t’rAe--, 

Hence, from (7) and (8), 

^ = 0 ; = irAe"" ; 

ffpR = (17) 

We have here the same form for B as a function of vas in (11) for the single 
hump of positive pressure ; we do not get the interference effect which might 
have been expected. This may be explained by remarking that the pressure 
falls away (tom the maximum only slowly ; in other words, the hump and 
hollow are not sufiiciently pronounced for their individuality to show 
directly in the final formula. In the previous section, where the distriba< 
tioD is !/({*+«’) instead of {/ ({*+«*), the maximum and minimum are more 
pronounced and we get a typical osmllating term in the final result This 
view may be confirmed by another example. 

6. Consider 



This distribution is graphed in curve B of fig. 1, arranged so as to have the 
same minimum and maximum as for (16) ; the curves A and B illustrate 
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dearly the difference in question. Numerically, if is &e position of 
the maximum, at 3{;o the value of p from (16) has fallen to 3/6 of the 
maximum, while from (18) it has fallen to 1/7 of the same value. 

The poles of the function in (18) are +(1 ±i )» ; thus from (8) we have 


X — Swi 
+ 2ir% 


I 

{f+«(l-i)} {f+«(l+t)} (l-i)} U+o 

{f-«(i+«’)} {f+«(i+*)} {f~«(i-»)} 



sin ax. 


The wave-making resistance, B, is given by 

igpa^R =s etK. (19) 


We have now the oscillating factor sinW. There will be, for instance, a 
hump on the resistance curve when 2aK s= tt, that is, when the half wave- 
length is equal to 2«. It may be noticed that this is nearly, but not exactly, 
the distance between the maximum and minimum of p ; from (18) it follows 
that the latter distance is 2a,^'(4/3), or approximately 2'15 a, 

We also have R exactly zero in the hollows in the resistance curve, a result 
wliich follows from the numerical equality of the positive and negative 
pressures at equal distances from the origin. Wo can make the negative 
pressures less by considering an unsymmetrical distribution. 

7. Let the pressure be 


P 


_j . 


( 20 ) 


In this case the graph would be as in fig. 1, with the curve B for positive f 
.and the curve C for negative values. 

If the poles of (20) are ai±ib\ and aa+i&a, we have 


( 21 ) 


tti+a* = 0, 

ai*+6i*+aa*+6^+4aio, as 0, 

2 {ffl(ct8*+ij*) + ®8(**l* + Ji*)} — /8, 

(tfa^+V) ** 4«*. 

In forming the function x hy the previous method we have two parts, 
part for the pole ui+iJi is 


1 a.)) 

^ w (aiH-ii&i)e‘«*ie-«*» 

h ’ (»! — «»)^— (V--V)4-2*S8(«i— «*)’ 


( 22 ) 
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There ia also a similar expression corresponding to the pole oa+i^; from 
(21) we see that the result can be written in the form 

as (Ai+tBi)e'*'*'c"*‘’i—(Aa+iBj) 

Hence for the resistance we have, from (7), 

= (Ai»+Bx*)c-»-* + (Aa»+Ba»)e-”»« 

— 2 {(AiAa+ 8183)008 2«i/c— (AaBi— AiB8)8in 2aiiic} (23) 

We notice how the presence of the smaller negative pressure complicates 
the mathematical expressiona On the other hand, all the terms are of the 
same type as in simpler cases; we have thieo terms involving the same 
exponential function, the third having an oscillating factor cos (2Acai + e), 
whcro 

tan c ~ (AaBj— AiB3)^(AiAa+ BjBa), (^l) 

The humps and hollows on the curve fur B will not coincide exactly with 
those obtained by graphing 

g-h(»,+t,)co8(2ai*+e), with <essy/»*, 
but tho agreement will be sufTicicntly close for present purposes. 

Acconlingly, the maxima for R will be near speeds for which 

2ai#c+€ = nv, n — 1, 3, 5, ... . 

The corresponding speeds and wave-lengths are given by 

x = (26) 

nv — e nir—e 

In the previous case of symmetry, with the result in (19), the humps 
occur at wave-lengths 4a/n, that is when the wave-length is equal to or an 
Olid sub-multiple of a certain length ; a similar statement in terms of velocity 
brings in the series 1, l/y^3, 1/^/6, etc. In the present case we see from 
(24) that this arrangement is somewhat disturbed by the presence of the phase 
e, a quantity which may possibly be small compared with w. A complete 
algebraical study might be made, but possibly a simpler way would be to 
start from a graph of the pressure curve and carry oirt the integrations 
involved in (8) by graphical methods. We can also obtain information by 
working out some numerical examples ; one may suffice at present, namely, 

^”f*-180f-l-2419' 

The pressure curve is of the form BG, shown in fig. 1, with 
A/H-i 0-541; f «= 10-66. 

Farther, with the previous notation, 

Ol — “Bf = 6 , s: 4, 63 SB .^34. 
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Working out the numerical values from (22) we obtain for the resistance, 
omitting a constant factor, 

R = 516«-«*+363tf-«*««--857co8(10*-€)tf-«‘«3*, (27) 

with K = ///A tan e = 0*017. 

We verify tliat in this case € is, in fact, very small, consequently the simple 
relation between speeds at which there are humps is not appreciably altered. 
The absolute position of these humps on the curve may be slightly dis- 
placed. For instance, the final hump occurs when 10 k is equal to tt, that is 
when the lialf wave-length is equal to 10 ; on the other hand, the distance I 
between the nmximuni and minimum on the pressure curve is 10*66 units. 

8. We turn now to more complicated distributions of pressure similar to 
those obtained by Baker and Kent, to which reference has already been made. 
We can build up a rational algebraic fraction which has at least the salient 
features of these curves ; for instance, the graph of fig. 2 is represented by 

where \ and /a are constants. We have, on the curve, 

OA = X, OB * v^[i(X*+^*)]. ()C = /t. AE = CD = 2 /(m*-X»), 

OF = 2(\^+m?)J(\*+ijl*). 



With different values of X and ft, one could obtain variations in the 
relative prominence of OF compared with CD, and in other features. 

If the roots of the denominator in (28) are ± (a+t&), we have 


2(a» + 6*)»= 

Using these relations in evaluating the integral x> ve obtain 

^ _ 2« 1 2(g»~a»+y)afcf I 

I {f— (a— i6)} {f +(a+^)} {t+(a— it)} la-fit 

+2w.- I . . I 

1 {f--(a+t6)} {?—(<»—*)} {{+(a-f »J)} 1-.+* 


( 29 ) 
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On simplifloation this leads to 

= 2<ire~** (fi oo» xa— a tin Ka)f{a*+V), 

Hence from (7) the correqwnding resistance is given by 

(a*+J*)^/jE as Bin*(*a— e), (80) 

with tane as bfa. 

We have in (30) a form very similar to those we have already studied. 
The phase « means a bodily displacement of the series of humps and hollows ; 
but, again, e is small under the usual circumstances, when the difference 
between and \ is small compared with either. 

Further, because of the symmetry of the distribution fore and aft, there are 
values of k, with corresponding speeds, for which It is zero ; we have seen 
that to avoid this result we must suppose the magnitude of the pressure p to 
be less in the vicinity of the run than at the entrance. We could introduce 
this want of symmetry by considering 

In the expression for the integral x should have a part corresponding 
to each of the poles ai+tbt and oa+t&j; in consequence, the resistance B 
would be similar in form to the expression in (23). 

From (30) we notice that the wave-lengths corresponding to humps on the 
resistance curve are submultiples of 2a ; also when \ and are nearly equal, 
2a is of the order 2/t, the distance between the two positive pressure humps. 
The typical interference effects in this example are due to the interference of 
the bow and stem systems ; in order to get a secondary interference effect 
between the positive and negative parts at the bow these must have separate 
individuality to a greater degree, as we saw in § 5. For instance, we could 
consider two distributions like (20), one associated with the entrtmce, the 
other reversed and associated with the run ; we should then have a very 
general type of distribution represented by 

hs i-k n Mf+ii} ( 32 ) 

It is unnecessary to graph this or to put down expressions for x 
We should obtain a sum of expressions like (23) involving sines and cosines 
of 2 x 01 and of 2 x 03 , and, in addition, of xl. There would be in general 
various possibilities of subsidiary interference effects ; the main one would be 
the bow and stem interference represented by xl, and the next in importance 
that between the positive and negative parts at the bow represented by 2«ai. 
There would also be the possibility of these two effects adding together at 
certain speeds. 
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9* One could obtain more maxima^ or increased waviness, in the pressure 
curve hj introducing higher powers of f into the fractions we have used. 
With the same general method for evaluating the integral x follows that 
we should obtain expressions of the same type, only more complicated 
in form. 

The various examples which have been studied cover a wide range of 
distributions of the type which one would expect to be associated with the 
motion of a ship, in respect to the formation of transverse waves* It may be 
said that the corresponding resistance curves do not differ essentially from 
those obtained from a simple distribution, only with the introduction of 
additional coefboients there is possible a wider range of variation. 


Attempts to Observe the Production of Neon or Helium by Electric 

Discharge. 

By the Hon. B. J. Stbutt, M.A., So.D., Professor of Physics, Imperial 

College, South Kensington. 

(Received and read December 11, 1913.) 

§1. Introdmtion. 

Very general interest has been aroused by the observations of Collie and 
Patterson on the above subject.* It is understood that their results have 
been endorsed by Sir W, Bamsay from independent evidence. 

The present experiments were begun in the hope of confirming the work 
of Collie and Patterson and of sharing in the interesting field of research 
thus opened up. The results, however, have been negative, whether from a 
failure to appreciate the proper conditions fur the production of neon or 
from some other cause. 

There is no difficulty whatever in detecting helium or neon when isolated 
in approximate purity, and that the authors cited can have bee^ deceived 
in the identification of these substances may safely be declared impossible. 
The only real doubt is as to where the neon or hdium came from. , 

Very small quantities of air contain enough neon for spectroscopic deteo- 
tioiL Some years ago I foondf that 1/10 o.o, was enough. Butherford and 
Boydst afterwards succeeded with 1/15 c.c. of air, and in the present paper 

* * Trans. Chem. Soc.,’ 1913, voL 103, p. 419, and ^Proa Ghem. Soc.,’ 1913, voL 29, 
Pl217. 

t ‘ Boy. Soc. Proc.,’ 1908, A, vol. SO, p. 598. 

t ‘ Phil Mag.,‘ 1908, voL 10, p. 818. 
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it will be shown tiiat the neon spectrum can be well seen even in 1/100 0 . 0 . 
of air. It is clear, therefore, that before anything ean be inferred from the 
appearanoe of this spectrom, attention must he concentrated on the possi- 
bilities of atmospheric contamination. 

The helium spectrum may also be thus brought in, but only subordinately 
to the neon spectrum. If a helium spectrum is obtained practically free 
from neon it must be attributed to some other source than the atmosphere.* 

If gas analysis apparatus such as a gas burette or a pump is employed, 
which has previously been used for manipulating large quantities of helium 
or neon, there must always be a risk that traces of the gas cling to it. 
It is essential to empty all such apparatus of mercury and to wash it out 
well with air. The mercury used should be either redistilled or well cleansed 
by bubbling air through it for a prolonged period and filtering. Without 
such precautions it is difficult to be sure that no trace of helium is entangled 
or dissolved in the mercury. These considerations have probably occurred 
to the authors cited, but they do not make any explicit mention of them. 

Before neon or helium can be isolated by the use of charcoal it is essential 
to get lid of hydrogen from the gases, for hydrogen is not absorbed by 
charcoal with the neoessacy completeness. The procedure adopted by Collie 
and Patterson is to pump out the gases into a tube standing over mercury, 
and then to remove hydrogen by explosion with oxygen in a gas burette. 
My own preliminary experiments were also made in this way, and traces of 
neon were found in the gases, but I was never able to feel that the process 
of removing tubes from one trough to another, standing in a cup of mercury, 
could be carried out with eatis&otory certainty of avoiding the entrance of 
minute air bubbles entangled between mercury and glass. The same may be 
said of pneumatic trough manipulation generally. 

It must be admitted that the numerous blank experiments recorded by 
Collie and Patterson would seem logically to exclude the possibility of this 
having happened in their work. But. for my own part, I felt that the 
labour of carrying out such blank experiments would be very great, while 
preliminary experiments seemed to make it doubtful whether I should be 
able to attain complete freedom from atmospheric contamination. In any 
case, to achieve certainty a large number of positive results, alternating with 
blank experiments definitely and invariably negative, would be needed. 

For these reasons a method was used by which hydrogen could be removed, 

* A hditun speotmia free from neon might no doubt be obtained by ^yatanstioally 
fraetionating a large quantity of atmoa]d>eric neon by cooled oharooaL In the text I 
aaanme one or two absorptions oarried out with a minute quantity of gas at a very low 
pteesuN, as in the procedure described below. 
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and the test for neon carried oat, without pumping the gas out of the 
apparatus or manipulating it over a pneumatio trough in any way. Special 
importance is attadied to this feature. 

§ 2. MHhod of ExpwvmentvAg. 

At the beginning jof an experiment, all parts of the apparatus (see figure) 
were thoroughly exhausted through A by a Oaede pump. The charcoal 
condensers M, 0, and the vessel R were well heated while the exhaustion was 



in progresss. D, £, L, N and P were then closed and the pump finally shut 
off by means of the two stopcocks A and C. The space between them was thus 
left vacuous, and the small gauge B showed that it remained sa Thus C was 
not exposed to any but a very small, pressure difference, and the chance of 
leakage from outside waa minimised. * 

Hydrogen was generated in F by heating a piece of sodium about the size 
of a hazel nut which was contained in it.* Hydrogen thus genen^ted is not 

* Tbis method of geuerating hydrogen is very convenient in such cases. The sodium 
used is m . it has never been plaoed in oiL Sodium in moderate sued pieces keeps 
quite well in a dry bottle, and the custom of defiling it with ml, genenlly prevalent in 
laboratoriea has little to recommend ih A piece of sodium, coated with hydroxide from 
expoanre to the air, allowa of a vacuum being made over it when coid. When heat ia 
apfdied hydrogen ie given off ; this is derived partly from chemical action of the sodium 
on the hydroxide, partly from gas occluded in the metaL 
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open to the suapidon of containing air. The gauge G lerved to diow the 
hydn^n preBsuxe, and the space between the stopcooks, DE, to measure out 
small doses of it into the apparatus. 

The discharge tube was varied from one experiment to another, but is 
indicated diagrammatioally at J. The annexe K was kept cooled in liquid 
air, and served to keep the discharge vessel free from mercury vapour and 
carbon compounda When the discharge had been kept on for the appointed 
time, a little oxygen was admitted to the apparatus, by heating the tube H, 
which contained a few milligrammes of potassium permanganate. The coil 
discharge was passed intermittently, for a few seconds at a time, and caused 
oxidation of the hydrogen present. At these low pressures the resulting 
water vapour quickly found its way by diffhsion to the cooled tube K, where 
it was condensed. In this way, by passing the discharge a few times with 
one-minute intervals for diffusion, the hydrogen in all parts of the apparatus 
was quickly got rid of, the tube showing little or nothing but an oxygen 
spectrum. 

The stopcock F was then opened, admitting the gases to E. The charcoal 
condenser M was first cooled, and the absorption allowed to proceed for about 
an hour. It was found advisable to heat the tube K again at this stage. 
M was shut off, and the second charcotd condenser 0 brought into action for 
an hour. P was then closed, and mercury run into K by opening T. The air 
trap S prevented any air bubbles being carried with it. The residual gas, 
which should contain helium or neon if any were present, was compressed 
into the very narrow tube Q, made of the finest thermometer tubing, where 
it could be measured or examined spectroscopically. The end of Q was not 
closed by fusion, but with a thread of sealing wax, which out it off approxi- 
mately square. The discharge could be passed by means of wires twisted on 
outside the tube, which were connected with an induction coil. They 
produced a discharge by electrostatic induction adequate to admit of 
spectroscopic examination, using the tube itself as slit. When the gas 
was first compressed into this tube, and the current passed, the pressure 
diminished, owing to chemical absorption of the ga% either by the glass or 
mercury. If no neon or helium were present, then, after a minute or so of 
discharge, further admission of mercury, by opening the regulating tap T, 
caused it to fill the capillary completely, leaving no interval visible, even 
with a magnifier, between the mercury and the sealii^ wax stopping at the 
top of the tube. The piessiire at the top of the column was abcmt one-third 
of the atmoqiherio, and the diameter of Q 0‘169 mm. The minimum volume 
detectable may be taken as 7 x 10*^ o.c., which oooupm O'l mm. length of Q 
when the mercury is let up. 
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It neon or helium were present, tiieir spectra rapidly developed and 
attained purity as the diaehaiiie passed, and on finally opening T, the 
mercury did not rise to the top of the tube, but ^as separated from it by a 
measurable interval Quantities, however, which were too small to occupy 
a measurable volume could still be detected spectroscopically. 

Finally, it remains to be mentioned that the mercury was admitted to B 
from the vessel U, and could be sucked out again by a water pomp attached 
to the three«way tap W. A calcium chloride tube Y ensured that the air 
used to manipolate the mercury should be fairly dry. 

§ 3. Sensitivenesa of the Test for Neon. 

The method of examining this was to admit measured volumes of atmos* 
pberic air,* to absorb with clurcoal, and compress into the spectrum tube as 
described. 

(1) With ^ O.C. of air, the neon spectrum was very brilliant indeed. When 
the mercury was allowed to run up, the lengih of gas column in capillary was 
2 mm. 

(2) With 1/10 C.O. of air, the neon spectrum was still very brilliant. 
Length of gas column | mm. 

(3) 1 /SO 0 . 0 . air. The yellow neon line was conspicuous even when the 
gas oolunm occupied the whole length ]pt the capillary tube. On com* 
pressing it to a length of 1 or 2 mm., the brilliant orange neon glow was 
seen, and a multitude of the red neon lines. In this latter case only one 
electrode of the coil was used, the other being earthed. Enough discharge 
was thus obtained. The gas volume when the mercury was let right up 
(one*third atmospheric pressure) was too small to measure ; there was no 
interval visible, even with a magnifier, between the mercury column and the 
sealing wax plug which closed the tube. 

From these experiments, it will be amply within the mark to say that 
the neon in 1/100 o.o. of air can be detected. I believe 1/1000 o.o. is 
nearer the true limit. 

§ 4, Description of Some Typiml Experime/nAs, 

In work of this kind, the technique is always modified and improved as 
the experiments go on. Nothing would be gained by describing the less 
aatisfactoxy experiments — ^less satisfactory not because th^ gave any dif* 
ferent result, but either from their short duration, from the impurity of the 
hydrogen spectrum in the discharge, ct from the test for helium or neon 
not being carried out under the best oonditionB. 

* X have aot thought It neoesHury to dMoribe the additions to the apparatus required 
for doing tfaia 
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1 pass over also a few experiments in which the gas was manipulated out* 
side the apparatos. As mentioned already T have not been successful in 
excluding traces of air, amounting say to 1/50 c.c. or mote, under these 
conditions. 

Only one of the experiments made without transferring the gas gave 
primd fiteie a positive result. This was with the eleetrodeless discharge. 
Hydrogen was admitted to the extent of about 0*5 o.c., to make up for absorp- 
tion in the course of about 10 hours’ run. The yellow neon line was observed, 
but not the red lines. The quantity of neon was probably less than that 
contained in 1/100 c.c. of air. The hydrogen used in this experiment 
was made by the action of dilute sulphuric acid upon zinc, and had stood 
over the acid, which was in contact with air, for some days. It is believed 
that the hydrogen was contaminated with air which had diffused through the 
liquid, to the extent of say 1 per cent., which would explain the result 
When the experiment was repealed with hydrogen which was above sus- 
picion, no neon could ever be detected. 

1 pass therefore to the description of the final experiments, on which 
reliance is chiefly placed. 

Experiment 1. — A cylindrical discharge tube* of about 9 cm. length and 
2 cm. diameter, provided with aluminium wire electrodes, was exhausted, and 
run long enough to get most of the gas out of the electrodes. Einally it was 
charged with hydrogen at such a pressure as to give a striated discharge 
without much cathode phosphorescence. About 0*1 o.c. of hydrogen was 
admitted for this purpose, A large induction coil with mercury interrupter 
was used, and a current of 2 to 3 amperes was passed through the primary 
circuit This made the tube as hot as was judged safa The pressure slightly 
increased during the experiment, which was continued for eight hours. The 
residue in this, as in all the following experiments, shrank sensibly to 
nothing, t.«. it occupied a length certainly less than 0*1 mm. in the capillary 
tube. The volume of gas, reduced to atmospheric pressure, was certainly 
less than 7 x 10~^ o.a No neon or helium were seen spectroscopically 
Mercury lines were the only ones visible. The volume test for neon is much 
less sensitive than the spectroscopic and is valuable only as showing that no 
foreign gas is present to made the neon spectrum. 

Experiment 2.— The same tube was run for five hours at low pressure, 
showing cathode ray phosphorescence (6 to 10 mm. alternative spark-gap). 
After that the preesuxe rose somewhat, owing to liberation of hydrogen 

* The tofae used in tbie experiment ie the one ehovn in the figure. It wee replaced 
by other forms u ooeaslon required. 
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during an additional run of three hours. Itesidnal gas occupied 0*0 mm. 
Imgthin capillary tube as before. Primary current 2 to 3 amperes ; no neon 
or helium by spectroscopic observation. 

Experiment 3. — spherical bulb of soda glass, 100 ojo. capacity, was 
attached to the appamtus. A coil of 6 turns of insulated wire was placed over 
it^ and an electrodeless discharge maintained by constantly discharging a large 
leyden jar through the coil, with a spark-gap in series. The jar was charged 
with the induction coil pievioudy mentioned, passing 4 to 5 amperes through 
the primary. This was as much as the coil would bear for long runs, os larger 
currents made it dangerously hot The discharge in the bulb was Inight 
red, and concentrated in a well defined ring. Absorption of hydrogen b^n 
as soon as the discharge was started. It was most marked when the bulb 
was new, but continued, though less energetically, throughout. 

The amount of hydrogen necessary to be admitted during a day's run, to 
keep the conditions constant, was usually about 0*25 o.o. The first day, 
the discharge was run 10 hours. Length occupied in capillary tube, 
0*0 mm. No neon or helium in spectrum. The (invisible) residue from 
this run was kept in the oapillary spectrum tube, and more hydrogen 
introduced into the discharge bulb. Next day 9 hours' run vras given. 
•The total hydrogen admitted in the two days was about 0*5 o.a The 
united residue from the two runs was examined. Length of capillary, 
occupied, 0*0 mm. The spectrum showed no trace of helium or neon. 

[Experiment 4 — A PlUcker spectrum tube was used with copper wire 
electrodes. The capillary was 9 cm. long and 1 mm. diameter, and the 
terminal enlargements each 7 x 1*3 cm. Hydrogen was admitted to a pressure 
a little above that of cathode phosphorescence, and a strong discharge passed. 
Absorption of gas was rapid, particularly at first, and the tube repeatedly 
ran " hard ” and required replenishing. Thus the discharge passed under a 
varied of conditions as regards pressure. A bulb of 100 0 . 0 . capacity was in 
(xnmection with the tube, so as to make the pressure variations less rapid. 
Total run, 18 hours, Besidue, 0*0 mm. length in oainllaiy tube. No neon or 
helium visible in spectrum. — January, 1914] * 

Experiment 6. — The tube used in this experiment was designed for 
bombardment of solids by cathode rays. It was oharged with potassium 
chloride, using a considerable mass of the salt, to protect the glass from 
bombardment. The salt was heated before introducing it, and under these 
oondildonB the vacuum was maintained without pumping during the 
bombardment. Any water or carbon dioxide given off was condensed in 
the annexe cooled in liquid air, used in this as in all the experiments. 

Primary current, 2 to 8 ampbres; 10 hoars' run. The hardness of 
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the cathode nyi woe indicated by an alternative apark-gap of 5 to 10 mm. 
The raye at fliat tamed the aalt bine, bnt more energetic and long oon> 
tinned bombardment decolorised it again. Length of capillary occupied 
by residue, 0*0 mm. No helium or neon seen in spectrum. 

Experiment 6.— Similar to the preceding, ezc^t that potassium iodide 
was substituted for potassium chloride. Primary current, 1 omp&re; 
7 hours' run. Alternative spark>gap about 1 cm. Iodine was set f^ 
in the bombardment, and a deposit of it could be seen in the cooled tube. 
Length of capillary occupied by residue, 0*0 mm. No helium or neon in 
spectrum. 

In this and the previous experiment, while the bombardment of the salt 
was in progress, the hydrogen spectrum could be seen in some parts of the 
tube, suggesting that most of the residual gas was hydrogen. These 
experiments are therefore relevant to the question of production of neon from 
hydrogen. 

§6. Condtuion. 

It will be seen, then, that these attempts to confirm Collie and Patterson's 
results have not met with any success. It may be that the authors will 
be able to point out wherein the essential conditions have not been com* 
plied with, and thus help the attainment of a successful result. In that* 
case the present paper will have had its use, in eliciting further details 
from them. 

The experiments on electrodeless discharge would seem to deserve special 
scrutiny. For this kind of discharge can only be obtained under a limited 
range of conditions; in this case the issue as to the cause of discrepancy 
would seem to be a good deal narrowed. 

I feel confident that the present negative results ore not due to any defect 
of the technique in looking for neon. Most rigorous precautions have to 
be taken to avoid getting this spectrum from atmospheric odntamination. 

The experiments (6, 6) on bombardment of potassium salts by cathode 
rays would have been expected, from Sir J. J. Thomson’s results,* to have 
yielded evidence of helium. That th^ did not do so may be due to deficient 
sensitiveness of the spectroscopic as compared with the positive ray method 
of analysia We have no very definite data as to the sensitiveness of the 
latter. 

* *Boy. Soc. Proa,' ISIS, A, vd. p. lA 
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By 0. W. BiciiABoaovr, M^, D.So., F.R.S., PiofeBsor of Physics, 
Princeton fJniversiiy. 

(Beorived August 2, — Bead November 13, 1913.) 

It is wdl known that when a metal wire or strip is heated for the first 
time there is a large emission of positive ions from it at a comparatively low 
temperature. This emission takes place even if the wire is cuefully cleaned 
and the beating is carried out in a good vacuum. It decays to a small value 
under continuous heating in a vacuum, and can be revived to a varying 
extent by a number of different modes of treatment, such as heating in air, 
or in a bunsen flame, or by subjection to high pressure. Very different 
oonolnsions as to the nature of these ions have been reached by different 
experimenters. One view, which has, perhaps, had more advocates than any 
other, is that the ions consist of positively charged atoms or molecules of 
various gases evolved by the hot substances. For several years I have 
suspected that these ions would turn out to be atoms or molecules of the 
commoner alkali metals which are present in the heated metals as impurities. 
The experiments to be described were undertaken in the hope of deciding 
the question in a definite manner. 

The direct and obvious way of attacking the problem is to determine the 
specific charge (s/m) of the carriers. Since the value of the corresponding 
quantity for the standard chemical element in electrolysis is known, this is 
equivalent to measuring the electric atomic (or equivalent) weight (m/H). 
I have already made experiments with a large number of metallic substances 
in this way, partly in collaboration with Mr. Hulbirt.* The results showed 
that the electric atomic weight of the ions was of the order of 80 for the 
14 different substances tested, but the measurements were not sufflciently 
exact to determine with certainty whether the ions were atoms of sodium 
and potassium or molecules of some of the commoner gases, suqh as carbon 
monoxide. The electric equivalent weight of COh- is 28, and is thus 
intermediate between Na.t. (23*06) and (39*1). There ate a number of 
other alternative cnnetituents which suggest themselves. 

The method of measurement was the same in principle as that used in the 
earlier experiments, but has been improved in a number of details, so as to 
muRoe higher accurate. The entire apparatus has been enlarged, so that the 
distance between the slit and the sMp ranged around 1*35 cm. instead of 

« ‘FhiLlCsg./ 1906, voLl^p. 740; 1910^ voL SO, p 846. 
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0*45 om., the other dimenaione being made to correspond. The strips were 
cut 0*1 cm. wide with the dividing engine, and almost filled the slit in the 
brass plate in which they were placed, only about O'Ol om. dearaoce being 
left on either side. As the formula for cfm contains the distance between the 
strip and the opposite slit raised to the fourth power, it is important that this 
distance should be perfectly definite and capable of precise measurement. 
An improved method of measuring this distance was employed. A low- 
power reading microscope, with its axis horizontal, was arranged to travel in 
a vertical direction. The axis of the microscope pointed lengthwise along 
the middle line of the strip and of the slit, which was vertically above the strip. 
The microscope was focussed on the point of a pin placed at the centre of 
the strip before measuring the distance between strip and slit. Thus the 
distance measured was that at the middle, but measurements made in other 
parts did not show any appreciable difference. 

The greatest source of uncertainty in the earlier measurements, in all 
probability, is caused by the bowing of the heated strip due to thermal 
expansion. The change in the distance between the strip and the opposite 
slit which is produced in this way is rather variable, as it depends on the 
stiffness of the strip and the way in which it is attached to the end 
supports. It may, however, introduce quite serious errors into the final 
value of e/m. This difficulty was entirely overcome in the present 
ejqperiments by mounting one of the platinum terminals, to which one of 
the ends of tlie strip was attached, on the free end of a strip of phosphor 
bronze several centimetres long and of suitable thicknesa The heated metal 
strip was then at rij^t angles to the phosphor bronze strip, which was 
arranged to keep it under a slight tension. The extent of the outward 
motion of the phosphor bronze spring was limited, and could be regulated, by 
a small screw. A good deal of difficulty was experienced at first in getting 
the amount of tension right If the ^ring is too stiff it breaks the metal 
strip, which becomes quite soft at a high temperature ; on the other hand, if 
it is too weak, it is not able to keep the heated strip taut After some 
trials it was found that the proper amount of tension could be estimated 
without much difficulty. 

The strip itself was soldered to platinum studs, one of which was attached 
to the phosphor bronze spring in the manner just described. The ends of 
tl^e studs were the least bit bdow the surface of the plate, and the strip was 
pulled over them and bent round, and then soldered to the side of the studs. 
The tension of the spring caused a good electrical contact to be established 
between the strip and the ends of the studs, where there was no solder. In 
this way there was no danger of the solder getting on to the hot parts of the 
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strip. The strips were aocarately out in the dividing engine, so as to be 
nniform in width, and were very carefnlly cleaned. In the case of platinum 
th^ were boiled in hydrofluoric acid, nitric acid, and distilled water in 
snccession. When mounted they were flush with tlie brass plate. Both 
this plate and the opposite divided plate were ground flat and mounted so as 
to be parallel. The hard rubber blocks, to which the plates were formerly 
screwed, were discarded, and replaced by quartz tubes, accnrately ground 
perpendicular to their axes, so as to be equal in length. The plates were 
held together by brass screws, which passed through holes in the plates and 
down the centre of the quartz tubes. The screws and nuts were insulated 
from the brass plates by hard rubber bushings. In this way changes in the 
distance, which might have been caused by the somewhat considerable and 
rather inegular expansion of the hard rubber, were eliminated. The 
micrometer screw which was used for measuring the displacement of the 
maxima was carefully checked up. It was found that the errors were too 
small to be worthy of consideration. 

Many other changes have been made in the mechanical construction of 
this apparatus since the form figured in the ‘Philosophical Magazine,’ 
1908, voL 16, pp. 744, 747, was made. The construction of the tube has 
been altered, so that the plates lie in horizontal instead of vertical planes. 
There are now three leads corresponding to A and B (fig. 2, loe. dt.), one for 
the electrode behind the slit and the others for the two plates. Thus, either 
the slit or balance method* may be employed by simply changing the 
connections outside the tube. These leads are provided with brass springs, 
and are connected to the apparatus with platinum hooks and eyes. They 
pass out through a glass stopper. The whole of the micrometer screw, 
including the head and counting device, is now enclosed in the evacuated 
glass apparatus, thus eliminating the mercury column RQa. The screw is 
driven by means of a right-angled bevelled gear, which is turned by a ground 
glass stopper. The fractions of turns are read off on the micrometer head 
tiirough rile glass, and the whole turns on a cyclometer, also enolqped. 

A good deal of attention was paid to the measurement of the magnetic 
field H. In the former experiments tliis was done by the change of 
resistanoe of a bismuth spiral. This method is not a very accurate one with 
magnetio fields of the strength used, and could not he employed when the 
measurements (ff e/m were actually being carried out This introduces the 
chance of a farther error, owing to possible changes in the temperature of 
the magnet, if, as was the case, the exdting current is used as an inter- 
mediate indicator of the magnetic field. The procedure adopted in these 
* Cf. *Phil. Uag.,’ 1918, voL M, p. 45S. 
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ezperiinentt was more complicated bat more reliable. A marble block of 
square eroes>sectioii was wound with 20 turns of fine wire, so that all the 
induction was along the axis of the solenoid and was calculable. The 
terminal wires were carried back to the middle of the coil, so as to cancel 
the sideways induction, and then twisted together. This standard of 
induction was placed with its axis parallel to the magnetic field in the place 
between the poles of the electromagnet occupied by the paths of the moving 
ions in the measurements of e/m. 

The cross-section of the solenoid was 1*407 cm.*, so that the area of the 
field was comparable in the two cases. The solenoid was arranged in series 
with a sensitive fluxmeter, and the throw measured when the electromagnet 
was reversed. The fluxmeter was then placed in series with the secondary 
of a standard mutual inductance which was tested at the Bureau of Standards 
and found to be equal to 0*010176 henry. The throw of the fluxmeter was 
then determined, when a known current in the primary of the mutiul 
inductance was reversed. This current was measured by comparing the 
fall of the potential, when it flowed through a Wolif standard resistance, 
with the electromotive force of a cadmiiun cell, which had been tested by 
Hulett, using a Wolff potentiometer. As a matter of fact the current in the 
primary was adjusted so that the current it induced would produce the same 
calculated throw in the fluxmeter as would be produced by a field of 
3000 lines threading the standard marble inductance. The current exciting 
the magnet was then adjusted until the two throws, due to reversal, were 
exactly equal. In this way errors arising from the varying sensitiveness 
of different parts of the fluxmeter scale were eliminated. Before testing the 
effect of the magnet several preliminary reversals were carried out to get 
rid of effects due to hysteresia 

In this way the measurement of the magnetic field was made to depend 
upon a knowledge of the foUovdng quantities : — ^The calculated induotanoe 
of the solenoid, the standard of mutual inductance, the standard of resistance, 
and the electromotive foroe'of the cadmium celL These are all known with 
a high degree of precision, so that the limit of accuracy would appear to be 
set by the aooiuaoy with which two equal defleotionB of the fluxmeter can 
be compared. The deflections were about 300 scale divirions, and an 
accuracy of 0*6 per cent, is probably a conservative estimate of what was 
attained. An attempt was made to reduce the comparison to a null method, 
but this was unsatisfoctory on account of the difference in the time coiutants 
of the circuits ocunpared. The insmrion of such self inductances as were 
available did not mend matters very mudr, so that the adjustment to equality 
of deflections was adopted. 
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So far the above prooeee is open to one of the objeotione to the bismuth 
qnral method, since it can be used only when the measurements of efm are 
not being carried out. Hus difiScnlty was overeome by using as an inter- 
mediate standard a single circular turn of wire attached to the end of one 
of the pole pieces. The flux through this was checked up against that 
through the solenoid by means of the flnxmeter, and the throw from the 
single turn due to reversing the mi^net could be compared with that from 
the mutual inductance at any time whmi the measurements of ejm were 
being made. As a matter of practice it was found that if the temperature 
of the magnet was kept constant the magnetic field due to a given exciting 
current remained the same, so that to keep the same magnetic field it was 
only necessary to watch the temperature of the magnet and the value of 
the exciting current as shown on a standard Weston fimmeter. Separate 
tests showed that the flux across a square centimetre did not vary as much 
as 1 per cent, over the whole area of the flat ends of the pole pieces 
(40*7 sq. cm.). The magnetic fields used were thus very uniform. 

The static potential difierence between the strip and the opposite plates 
was always kept at exactly 200 volts. This was done by means of a battery 
giving rather over 200 volts in series with a variable opposing potential 
taken from a few cells in series by means of a sliding rheostat. The potential 
was adjusted to 200 volts by the potentiometer ; 1,001,000 ohms was placed 
across the whole battery, and the drop on the 1000 ohms was compared with 
a standard electromotive force. 

The measurements of e/m were mode by a slight modification of the 
balancing method* described in one of my former papers.')’ This type of 
method has the great advantage that the immediate determination of e/m 
requires only two simple measurements which con be carried out in about 
a minute, so that the change of e/m with time can be followed even when it 
is altering rather rapidly. I have compared this method with the more 
laborious slit method under the improved conditions, and they agree 
absolutely, so far ds I am able to tell. It is probable that the deviation from 
the theoretical formula observed in the older experimentsf was doe either to 
the theoretical conditions not having been satisfied or to an inaocorate 
knowledge of some of the data. 

In the former measurements the value of e/m for the negative electrons 
was taken as a kind of absolute standard in determining e/m for the positive 
ions. This method possessed certain advantages when it was important to 
determine vtrith some degree of relialntity even approximate absolute values 

* Sm aim 'FUL Mag.,* 1918^ voL 96, p. 459. 
i • PhO. IMS, voL 16^ p. 740. 
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of «/m for the positive ions, but it cannot claim to be of value in determining 
the value of e/m for the positive ions with precision in the present stage 
of development of this method of experimenting. In foot the accuracy 
which has been attained in the measurement of e/m for the pontive ions in 
this way is, so far, very much greater than that for the negative electrons. 
Very likely this is to a large extent simply a matter of insufficient 
experience, but there are difficulties, such as those conditioned by electron 
reflection, that arise in the case of the negative elections which do not occur 
with tile positive ions. At any rate, the measurements that were made with 
the native electrons in the fcnrmer apparatus led to quite insular results, 
so that no use has been made of them in the present investigation. It is, 
however, desirable to have some check on the results which does not depend 
directly on the rather considerable number of measurements required in 
getting absolute values. This was furnished by placing potassium sulphate 
•on the strips and measuring e/m for the positive ions from this substance. 
The writer has already shown that the positive ions from the salts of the 
alkali metals are univalent atoms of the constituent metaL The ions from 
potassium sulphate have a value of e/m which is indistinguishable from that 
of the majority of the ions given by the metals tested, so that this substance 
is extremely well adapted for checking the values otherwise obtained. 

It is worth while pointing out that in the old experiments in which the 
value of e/m for the electrons is made use of, the results are over<K:orrected 
in any event, as the value e/m (1‘88 x 10^) which was taken as the standard 
is about 6 per cent, higher than that which is now accepted. Moreover, the 
correction for the lack of uniformity of the electrostatic fleld which is 
discussed in the ‘ Philosophical Magazine,’ 1908, vol 16, p. 763, must now 
be very small, as the clearance between the strip and the surrounding plate 
(O'Ol cm.) was only about one-tenth of the width of the strip. It is rather 
significant that the values of e/m do tend to run about 2 per cent lower than 
what seems to the writer to be the most probable value. 

RauUa of the Experiments. 

The substances which have been tested with the improved apparatus and 
method are platinum, potassium sulphate, manganin and iron. The number 
of different kinds of metal strips which can be subjected to a sufficiently 
extennve examination in this way is rather limited, as there axe not many 
which will stand the required tension at high temperatures. The strips 
were eatefully cleaned before mounting. The part which was subsequently 
heated was never touched except with platinum tweesers, and the greatest 
care was taken to avoid any possible contamination of this part of the 
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atrip with poaaible impurities. The heating current was regulated so that 
the themionio current was k^t at a suitable value to make measiurements 
with. This involved a gradual increase in the temperature of the strip as 
the heating progressed, on account of the decay of the emiarion with time. 
The pressure of the external gas was less than 0*001 mm. on the McLeod 
gauge, except in certain special experiments. The temperature of the 
strip was obtained from its resistance, although it is only a matter of 
secondary importance. 

The results obtained are expressed in terms of the electric atomic weight 
m/ffii of the ions, which are supposed to be univalent, instead of e/m. The 
values of m/mi ate obtained by dividing the value of e/m for a univalent 
electrolytic ion of unit atomic weight, which is 9649 E.M.U., by the measured 
values of efm. This enables a direct comparison with the chemical atomic 
weights (in terms of 0 ss 16) to be effected. The values of ejm vi&n 
obtained by substituting the experimental numbers in the formula 


9 Va^ 

2HV’ 


where V is the electrostatic potential difference between the opposite plates, 
H is the intensity of the magnetic field, x is half the displacement of the 
balance which occurs when the field is reversed, and 2 is the distance between 
the front of the strip and the front of the opposite pistes. Y was always 
2 X 10^** E.M.U., and H was always 3000 E.M.U., 2x was comparable with 
0*6 cm., and z with 1*36 cm. 

As an illustration of the uniformity of the results given by this method 
under favourable conditions the numbers given by one of the preliminary 
tests may be cited. A strip which was clean in appearance, but which had 
not been specially cleaned, was heated for several heurs and then kept under 
fairly continuous observation for a period of five hours lot^r. 

During this time 16 determinations of m/mi were made and all of them 
lay between 89*76 and 40*2. In general the uniformity is not so high as 
this, although deviations in excess of 3 per cent, of m/mi axe very rare. A 
good deal seems to depend on whether the strip is comfortable or not. A 
minute twisting or displacement of the strip in between two readings will 
cause a serious deviation. The position of the balance esm easily be 
determined to one>hundiedth of a turn (0*000635 cm.). This means about 
0*1 per cent, of 2z. 

Another preliminaxy test gave the following values of mfmi. The length 
of time the strip had been heated and the instantaneous platinum resistance 
temperatures are also given. 
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Time (minotee) ... 0 10 16 2S 80 86 46 65 70 M 

Temp. (* Ft) 468 468 468 468 468 468 468 408 608 608 

w/mi 40*6 40*7 40 8 40*8 40‘4 40-7 40-6 40-6 40'1 40-8 

Time (minutee) ... 100 106 186 160 170 190 195 806 810 886 

Temp. (‘Ft) 686 686 686 686 686 686 686 686 686 668 

w/eii 89-9 88-0 SO'S 89-9 89-8 89*8 89*8 40*1 89*1 89*9 

Time (minute#) ... 800 810 880 330 846 860* 860 870 880 886 

Temp. (” Ft) 668 668 608 600 600 090* 480 614 614 686 

m/m, 89-8 88*6 80*8 89*8 89*9 40*6* 89*7 80*7 48*0 41*1 

Time (minute#) ... 890 806 480 630 

Temp. ("Ft) 626 626 670 614 

m/m, 41*6 41*0 40*4 89 *6 


The strip broke at this stage. At the point indicated thus* it was found 
to be behaving unsatisfactOTily. The strip was cooled and the apparatus 
taken down, when it was found that the strip had warped and come into 
contact with one side of the slit in the brass plate. The subsequent 
measurements were taken after the strip had been readjusted and the 
apparatus set up again. 

It is clear that there is no definite indication of any change in the electric 
atomic wdght of the ions given off by the above strip in the space of 
8 hours 40 minutes during which it was heated. The mean value of the 
electric atomic weight is very close to 40. The brealdDg of the strip is to 
be attributed to the combined effect of the tension of the spring and the 
high temperature. The resistance of the strip only gives the average 
temperature, and no doubt the central portions were much hotter than the 
recorded temperatures indicate. 

In order to find out if long continued heating would change the nature of 
the ions another carefully cleaned strip was taken and heated for 36 hours 
under + 200 volts, but without any tension. This was accomplished by 
means of the limiting screw already referred to. The screw was then turned 
back 80 tliat the spring would pull the hot strip taut. Three measurements 
extending over 26 minutes were then made before the atrip broke. They 
gave the following values of m/mi in succesaion : 25*1, 26*8, 24*2. Thus after 
the positive ionisation from platinum has been allowed to decay for a long 
time it is found that the ions have a much smaller atomic weight than those 
which are first emitted. 

After some e]q>erimenting it was found possible 8o to acijast the tension 
of the spring that not only both the stages referred to but also indications 
of a third kind of ions could be demonstrated on the same strip. Some of 
the values given by the most satisfactory experiment of this kind ate 
Indicated thus : x , in fig. 1. Some of the numbers in the table above ate 
also plotted thus: ^ for comparison. The figure also contains some of the 
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data given by a test made on potassium sulphate. Tn this experiment a 
atrip was glowed out until it had lost the power of emitting positive ions 
except at a very high temperature, and then a small quantity of a solution 



Time heated (hours) 

Fig. 1. 

of pure potassium sulphate in distilled water was placed on it. In making 
the measurements the strip was stretched by the spring as in the other 
cases. In fsot the clean platinum strip was glowed out until the emission 
at 1011° Pt was loo small to make measurements with. When the strip 
was cold the apparatus w&s taken down and the solution of K^SOt sprayed 
on to it in such a manner that none of the spray got on to any part of the 
apparatus except the front surface of the strip. It was then found that 
the emission at 320° Pt was plenty large enough lo work with. All the 
measurements which were made in this experiment are collected in the 
following table : — 

Time heated (minutes) 0 10 17 26 80 40 50 60 285 278 280 

Tempentnre 320 820 380 880 380 380 8.80 860 960 .*O0 600 

■i/m, 40*4 40-6 41 1 40-7 SO-S W7 40 1 40-8 40-8 41'6P8e-8 

Mean » 40 2. 

Only a few of these values of n%jmi for the ions from potassium sulphate 
are plotted in the figure. They are indicated thus : Q. The current which 
was flowing from the hot strip during the experiments recorded in this 
paper was not main ta ined constant. It was, however, kept at a valne which 
wat convenient to work with, and was thus always comparable with 

0*01 eleotrostatio unit. 

Beturoing to fig. 1 the horisontal line on the left represents the chemical 

YOU uixix — ^A. 2 K 
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value of m/mi for the monovalent ion K^, and the horieontal line to the 
right the oorteaponding value for Na^.. The points marked thus : x , do not 
represent the whole history of the ions from strip No. 2. This strip was 
heated for about 14 hours before commencing observations, in order to drive 
off most of the initial ionisation. Numerous independent experiments have 
amply shown that this initial ionisation is made up entirely of ions for 
which m/mi is equal to about 40, so that we may conclude that during the 
first 36 hours of heating under these conditions practically all of the 
positive ions emitted are of the same character. Although the experimental 
value of m/wi for them runs a little higher than the chemical value for K^, 
there is no demonstrable difference in the numbers given by them and those 
given by the ions from KaSOi. As there are good reasons for believing the 
latter to be atoms of potassium which have lost an electron, there does not, 
so far, seem to l)e any reason for doubting the identity of the ions in the two 
cases. Alternative possibilities will lie considered later. 

Although the data are not at all precise, it is worth while to estimate the 
amount of matter which is emitted in the form of these positive ions. In 
the above ex})eriment in which the strip was under observation until all 
the ions for which m/mi is in the neighbourhooil of 40 hod been emitted, 
the current during the 14 hours of preliminary heating was greater than 
afterwards. Allowing a fector of about 2‘5 for this, I find that the total 
quantity of electricity carried away in the form of these ions would be 10~* 
coulomb or 10~^ K.M.U. Putting e/»( == 246'5 (the value for K+) the mass 
of matter oarried away in this form = 4*05 x lO-*” grin. If an equal amount 
escapes from the back of the strip the total would be 8*1 x 10~*<> grm. 
The mass of tlie heated part of the strip was approximately 5*5 x 10~’ grm. 
Thus the proportion of the matter present which is emitted in the form of 
these positive ions is about 1*5 x 10~*, or 1*5 x 10~* per cent. Some data given 
by Horton* for an experiment made at a much higher average temperature 
(1190* C.) lead to a rather similar estimate. The similarity of these two 
estimates rather points to the view that the quantity of electricity emitted 
in the form of these ions does not depend much on the temperature of 
emission. The simplest explanation of this result would be that practically 
all of the available matter is expelled in the ionised form. If that is the 
OBse the total amount of matter couoemed is so small that its deteoriou 
by chemical methods is not very hopefuL This question oannot be regarded 
as definitely settled by the data now available, as the dependence of the total 
amount of matter emitted in the form of a gi'ven kind of ions upon the 
method of heating requires further examination. 

• * Boy. Soc. Fnc.,* 191^ A, vol. 86, p. 186. 
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Taming again to fig. 1 we aee that after about 36 houra of heating (22 on 
the diagram) there is a rather sharp drop in the value of m/tni, after which 
values in the neighbourhood of Na^. are approached somewhat gradually. 
In this region the values obtained are apt to be irregular and point to the 
ocourrenoe of a mixture of ions. It may be that the values in the neighbour- 
hood of 26 corrospond to something definite, but the irregularity of the 
results usually obtained when the average value is in this neighbourhood do 
not lend support to such a view. Until further evidence appears it seems 
most reasonable to suppose that in this neighbourhood we are dealing with 
a mixture of Na^. and K+. With platinum strips the sodium values only 
occur at a high temperature and after continued heating. Tliey never last 
very long, so far as I have been able to observe. 

With the strip under consideration the last value, which was obtained 
very shortly before the strip broke, is very close to 60. With very old 
strips I have frequently observed the presence of ions for which m/mi lier 
between 50 and 60. I am inclined to attribute them to the presence of Fe^. (56) 
Unfortunately they do not last very long, and the behaviour at this stage 
is rather irregular, so that it has not been possible to get really accurate 
resulta I have often looked for heavy ions such as Pt+ (mfmi ss 195) from 
strips whiob have been subjected to long continued heating, but I Iiave never 
been able to observe anything of tlie kind. 

After making several unsuccessful attempts with gold strips, which always 
broke imder the tension required to keep them straight, before a sufficiently 
large or permanent ionisation to make measurements with could be obtained, 
strips of manganiu were tried. These were rolled from resistonoe wire to 
the requisite width and thinness, and were cleaned in ether, dilute nitric 
acid, and distilled water before being mounted. The initial heating 
current was 0*65 amphre, and this had to be raised gradually to 0‘84 ampere 
as the heating progressed, owing to the decay of the emission. No attempt 
was made to estimate the temperature, but it was not very different from 
that of platinum when heated for the same length of time. A series of 
measuiements of m/mi which were extended fairly evenly over a period of 
tour hoars gave the following successive numbers i — 39’3, 39*7, 39-4, 41'0, 
40-2, 39*3, 39‘7, 39 6, 39*7, 40'0, 414, 40-8, 40-0; mean 40 0. Thus the 
positive ions given off by manganin have the same electric atomic weight as 
the bulk of those given off by platinum, and there seems to be no valid reason 
against referring them to the same ingredient. 

Two different specimens of iron wire were tested in the same way. 
Both of them were said to be espeoiSlly pure iron, bat they were not 
analysed. The wires were rolled into strip and washed with ether, dilute 
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hydroohlorio aoid, and distilled vater, before mounting. The apedmen from 
the first sample had a resistance of 174 arbitrary units at 40^ C. Only four 
observations were made on this specimen. The times, resistances, and values 
of m/mi were as follows : — 

Tima heated (minutett) .... 10 26 46 65 

Beeietaoce (arbitral^ Dnite) .. 624 624 604 604 
m/mi 30*0 39*0 80*8 40*0 Mean ->30 0. 

Two specimens from the second sample were tested. ITie first gave the 
following numbers : — 

Tim* heated (minutci) 0 P 89 f P 76 SO 06 106 

m/m, 2i*9 37-1 37-8 83-3 30 9 42*6 40*7 ieo 78-6 

Thus the fimt specimen gave no indication of anything except the ions 
which have been attributed to [Miiassium. and the second gave rather similar 
values over most of the corresponding time. In addition, the second 
specimen gave indications of something with a lower value of tn/mi, which, 
may have been Na^. (23‘05) at first, and also considerably higher values, 
46 and 73'6, just before tlie atrip broke. These are well above the potassiiun 
value, and may be taken to indicate Fc+ (56). The last high value is a 
little uncertain, as the strip broke before the observation could be repeated, 
but there is no doubt that values much higher than 40 were being got at 
this stage. Another specimen from this second sample was tested. Unfor- 
tunately, both the initial and final stages were missed owing to the 
oocurrenoe of acoidenta The results, however, are of interest, as confirming 
the conclusion drawn from the other tests, that the bulk of the ions from 
iron have the same value of m/mi as those from platinum and manganin. 
The data given by this specimen are as follows : — 

Time observed (minutea) 0 10 .SO 00 90 180 196 816 886 256 816 

Beeutance (erbilnuy units) 1064 1064 1144 1244 1314 1694 1694 1014 1094 1804 1894 

88’8 89-6 400 400 890 48‘1 40*6 40*6 89*7 89*4 400 

Msm m/m, — 40 *1. 

The resistance at 40° C. was 334 in the same units. 

I have already mentioned that the view that the positive ions from 
freshly heated metals consist of cliarged atoms or molecolea of one or more 
of the oommoner gases, such as carbon monoxide, hydrogen, carbon dioxide, 
nitrogen or oxygen, has obtained a ooneiderable number of adherents. Ae 
the respective eleotrio molecular weights of the ions which might be 
expected to arise from these gases are tiie following: CO^. « 28, s 1, 
BE 2, COs+ — 44, N+ s 14, Nt+ — 28, 0^. ss 16, and Ost ss 32, it 
will probably be oonoeded that the present experiments do not lend any 
support to such a view. The only oanun(m gas for which the value of m/7»t 
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is near enough to the measured values is argon ( Ar+ = 39'9). The value for 
argon would, in tact, fit the experimental results better than tliat for 
potassium, but there are other reasons, which will be considered be^w, 
which seem to the writer to make potassium the more probable constituent. 
It would, of course, be a matter of very great interest if it could be estab- 
lished that tliese ions are charged atoms of argon. 

Let us review very briefly some of the more important experimental 
results which tend to support the view that these ions are charged atoms or 
molecules of one or more of the commoner gases. Most of these will be 
found enumerated in the following list ; — 

(1) A platinum wire, which has lust the power of emitting positive ions 
owing to continued heating in a vacuum, is found to regain this property to 
a oonenderable extent if it is re-heated (a) in air at atmospheric pressure, and 
especially (h) if it is heated in a bunaen flame.* 

(2) A similar recovery takes place when the wires are exposed to various 
gases under a pressure of 60 to 100 atmospheres at a relatively low tem- 
peraturef (about 200^ C.). 

(3) When most metals are heated there is a considerable evolution of gas, 
the bulk of which usually consists of hydrogen, carbon monoxide, and nitrogen. 

(4) When a wire has been heated for a long time so that the emission in a 
vacuum has become too small to measure, there is an emission in difl'erent 
gases, which seems to be a definite function of the nature and pressure of the 
gas. This phenomenon has been most completely studied in the ca.se of 
platinum in an atmosphere of oxygen.^ The facts have been explained by 
the writer on the hypothesis that the metal absorbs or adsorbs the gas, 
which it re-emits in the form of charged atoms. It has been suggested by 
various writers that the initial emission is an intensification of this 
phenomenon, owing to the piesence of much larger amounts of absorbed gas 
in the original metal. 

(6) Horton§ has found that carbon monoxide has a greater power of 
stim ula ting the emission of positive ions both from hot platinum and from 
heated salts than the other common gases, with the exception of hydrogen. 

(6) Determinations by Garrettll of e/m for the positive ions given out by 
aluminium phosphkte when heated led him to conclude that these were 
atoms of hydrogen. 

* ty. Horton, * Boy. Soa Proc.,' 1818, A, vol. 88, p, 181. 

f Z. Klamensiewios, 'Ann. der Pbya,' 1811, vol. 36, p. 786. 

} 0. W. Biebardson, * PhiL Tmaa,,* 1806, A, vol. 807, p, 1. 

§ Horton, ‘ Osmb. Phil. Soc. Ploo.,’ 1811, voL 16, p. 88. 

II Garrott, ' PhU. Mag.,’ 1810, TI, *oL 80, p. 088. 
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We shall now consider how the facts just onametated can be reconciled 
with the results of the measurements of mjmi which have been described. 
In the absence of definite information, the obvious explanation of (1) (a) and 
(!)'(£) seemed to be that the revived ionisation was due to a different cause 
from the ionisation from the fresh wire ; tliat the initial ionisation might be 
due to the impurities in the wires, which have been tentatively attributed to 
potassium, whereas the revived effect might be due to the re-emissian of 
absorbed gas, air in the case of (a), and gases from the bunsen flame in the 
case of {b). This view can readily be subjected to the test of experiment, 
for, if it is correct, the ions from the revived wire should have a value of 
m/mi different from that of those from the fresh wire. The tests were 
carried out with the platinum strips, and the effect of heating in dry 
filtered air at atmospheric pressure was trieil first. The strip was glowed 
out until there was no measurable emission at about 700° Ft. It was then 

heated in air in the apparatus with the strip loose. This heating was carried 

out during a succession of short intervals with longer cold intervals between, 
the object being to prevent the whole anparatus from getting heated. After 
the strip had been heated in air at a high temperature for about 10 minutes 
altogether, the apparatus was taken down, the strip tightened up, and the 
distance z measured. The subsequent observations are collected in the 
following table ; — 

Tinw heated (minutM) 0 SO SO S7 50 85 115 126 185 146 160 

IVinpeiatiHe (’It) ... 896 480 480 445 445 446 460 689 611 667 700 

M/m, . .. 37-9 88-4 88-8 88'7 39-1 S8'8 89-6 39*8 89'H 39'4 38-8 

Mean m/mi 80 -0, 

The above values run about 2*5 per cent, lower than those given by a fresh 
strip. This may mean that there is a small admixture of lighter ions which 
are charged atoms or molecules of gas absorbed from the air. This does not 
seem very likely, however, as the value is very near that given by strip No. 2 
shown in fig. 1 which had been heated to about the same stage before 
commencing observations. It seems more reasonable to conclude that the 
lower values are due to a slight admixture of the ions for which m/mi is near 
the sodium value, which are apt to be presmit in sufficient quantity to exert 
some influence at this stage. It is quite clear, at any rate, that the bulk of 
the ions after reviving the wire by heating in air have the same value of 
m/mi as those emitted by a fresh wire. 

Another platinum strip was then taken and treated somewhat similarly, 
except that instead of heating in air at atmospheric pressure it was taken 
down and heated in a bunsen flame for a few minutes. It was then 
found to give a large positive emiieion at a much lower temperature than 
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before. The numbere given by this experiment are shoMm in the following 
table: — 

Xima hMted vacuo 

(minotM) S 10 SO 80 86 40 60 105 ISO 190 138 

Dampomtnw (* Pt) ... 406 406 497 478 478 478 406 506 018 541 541 

m/m, 40*9 40*1 40*9 89-0 40*7 89-6 40*6 89*6 80-9 40*9 40 0 

Mean m/m, la 40 *0. 

This experiment shows that the kige ionisation which is obtained when a 
glowed out platinum wire is heated in a bunsen flame oonsists of ions for 
which the value of 7H/mi is the same as for the ions from a freshly heated wire. 
This conclusion was confirmed by a repetition of the experiment but there 
does not seem to be any point in quoting the data which were obtained. 

Two views suggest themselves as to the material origin of tlie ions observed 
in these experiments. Either the material is present in the metal all the 
time, to a considerable extent even after continued glowing in a vacuum, but 
is so securely held that it is unable to diffuse to the surface and produce 
ionisation. In that case the effect of heating in different gases may be 
imagined as resulting in a loosening up of the structure of the material by the 
diffusion of the gases into the interior. In this way a means would be provided 
for the diffusion of the ionisable material to the surface of the metal. On 
the other hand it is possible that the ionisable material is actually formed by 
the action of the gases on the heated platinum. This would involve the 
rather radical supposition that the atoms of the metal were being broken up 
by the actions occurring. I think the balance of evidence at present available 
is against such a view. Many years ago* I made experiments to see if a 
platinum wire which had lost the power of positive emission would recover it 
if it was allowed to remain standing in a vacuum. I only obtained small and 
uncertain effects. Of course, this does not prove that such actions may not 
occur with facility at higher temperatures. But the experimental results at 
present available indicate tliat the bulk of the positive ions given by diffei'ent 
elements have an electric atomic weight of about 40. When one considers 
that this is true of the element carbon, whose atomic weight is 12, it points 
rather to the presence of a common impurity than to the ocdurrence of 
atomic disintegration. Moreover the following experiment shows that merely 
straining the metal will cause a revival of the positive emission. This, I 
think, supports the idea that the renewal of the emission under various circum- 
stances is mainly a mechanical effect. I do not wish to indicate that I believe 
the question under duoussion to be settled beyond the possibility of doubt, 
bnt I believe the balance of evidence at present available favours some such 
view as that just indicated, 

* ‘ ComptM Bendus Congrts de Badiologie,' Brussels, 1905. 
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Hie experiment referred to was made with the manganin strip, which 
gave a mean value of m/mi = 40*0. After it had been heated for some time 
it gave an emission of 15 divisions in 30 seconds at a certain temperature. 
Without altering the heating current or letting down the vacuum it was 
found to be possible so to rotate the apparatus that the strip became 
inclined at 35° to the magnetic field instead of parallel to it. With the 
rather large beating current (0‘75 amp6re) which the strip was carrying, 
there is then a considerable pull on it due to the magnetic field. The 
magnetic field was rapidly reversed a number of times to get as laige an 
effect as possible, and the emission when measured at the original temperature, 
which was considerably higher than that at which the straining was carried 
out, was found to be 308 divisions in 30 seconds. It had thus increased by 
a factor of more than 20. The value of m/mi for the ions which carried 
this increased emission was then measured and found to be .39*4, which 
agrees with the previous value within the limits of experimental error. The 
result of this experiment rather indicates that the revival under pressure 
observed by Klemensiewioz (2) may be due to the mechanical action of the 
pressure directly, although there are many other causes which may have 
played a part in an experiment of that character. 

1 shall now consider the remaining reasons (3) to (6) for believing in the 
gaseous origin of these {lositive ions rather more briefly. In regard to (S) 
I* at one time examined the emission of gas from a fresh platinum wire 
rather carefully and compared it n ith the simultaneous emission of positive 
ions. Apart from the foot that both emissions were largest at first and 
decayed with time there was no simple relation between them. C. J. Davissonf 
has also recently shown that there is no relation between the emission of 
gases by salts and the emission of positive ions from them. 

As regards the greater efficiency of carbon monoxide and hydrogen (5) 
it is well known that both these gases have an exceptional capacity for 
diffusing into various metallic solids, and they would therefore be 
exceptionally effective, in loosening up the pores of the metal. In addition, 
they are both reducing agents ; and reduction has been found to facilitate the 
emission of positive ions in the case of some salts.^ 

So for as (6) is concerned, I myself have never been able to detect the 
existence of positive ions, either from fresh metals or from salts when heated 
in a vacuum, which have values of m/7ni anywhere near so low as tdiat for 


* ‘ComptM RenduB Congrt* de Badiologie,* Brunsli, 1906. 
f G. J. DaviaBon, *PhU. Mag.,’ 1912, vol. 23, p. 189. 

I O. W. Bioha r dsoa, ’PUL Mag.,’ 1911, voL 2f^ p. 696. 
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H+ or for This reault has been oonfirmed by Davisson,* It seems 

fairly certain that with ordinary speoimens of aluminium phosphate and 
with metals the proportion of hydrogen ions, even if there are any at all, 
must be much smaller than the 10 per cent, found by Darrett. This does 
not preclude the possibility that when a large amount of hydrogen is allowed 
to diffuse from the interior of an old platinum tube into air at atmospheric 
pressure there is a current which is carried by charged atoms of hydrogen. 
If once concluded that this was tlie case ; but the inference was an indirect 
one, and until the electric atomic weight of the carriers has been determined 
under these conditions one has to bear in mind the possibility that the 
diffusing hydrogen simply washes some heavier ioniaable constituent out of 
the hot metal 

Turning to (4), I have made several atienipts to settle, by direct measure- 
ment of mfmx, the nature of the positive ions which are emitted when an 
old wire is heated in air or oxygen. The method has been to glow out a 
strip until the emission was very small and then to measure m/mi for the 
ions which make up the measured emission when air or oxygen at a low 
pressure is let into the apparatus. So far it has not been possible to get 
enough current to make measurements with at a low enough pressure for 
the method to be applicable. I do not regard this problem as insuperable, 
but it happens that the proper conditions have not yet been realised. In 
the absence of direct evidence as to the nature of these ions it would appear 
illegitimate to infer from their assumed nature that of other ions which are 
produced under different conditiona 

So far the reasons which make me think the ions whose measured electric 
atomic weight is very close to 40 arc most likely to be K+ have hardly been 
considered. As a matter of fact the mean of the best values is very close 
to 40*0, so that either Ar+ = 39 9 or Ca+ = 40*07 would fit better than 
K+ a= 30'1. Moreover, I am informed by manufacturers of platinum that 
potassium is not an impurity which one would expect to find in this metal ; 
whereas calcium might be looked for, as the metal is heated at one stage in 
lime crucibles. On the other hand, any slight lack of unifonfkhy in the 
electrostatic field due to the gap between the strip and the surrounding plate 
tends to make the measured value of m/mi too high. What is perhaps more 
convincing is the fact that the positive ions from potassium sulphate itself 
also gave values of m/mi which were too high and which agreed very well 
with those given initially by the hot metals. There are very good reasons 
for believing that the positive ions from potassium sulphate are K 4 .. The 

* C. J. Daviwion, p. 147. 

+ O. W. RiebardBun, ‘ Phil. Traiia.,’ 1900, A, vol, 207, jx 54. 
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electric atomic weight of the ions from Li|S04, NagSOi, K1SO4* HbiSO^, and 
08 | 904 , after these salts liave been heated for some time,* correspond 
respectively to Li+, Nai., Bb4 and Cb+. Moreover, on first^^eating 
LijS04, Na8S04, and many other salts, the positivo ions given off have a 
value of m/mi which corresponds to K4.. Tliis shows that potassium is 
relatively the most efficient of the commoner alkali metals in emitting 
poritive ions. It is a very widely distributed element, and its very marked 
capacity for ionisation would lead one to expect that it might give rise to 
the bulk of the ions emitted by the metals if the ions arise from adventitious 
impurities. The objection to calcium is that its efficiency does not appear 
to be comparable with potassium in this respect, and one would not expect- 
Ca^ to come off prior to Na.^, as is observed in the case of platinum. It 
is true that iron was found to be an exception in this respect, but the initial 
presence of sodium was only recorded once. This shows that at any rate 
there was only a small amount, which may have been caused by accidental 
superficial contamination. The emission of m/mi =: 40 in laige excess, and 
long beforo there was any considerable amount of m/mi s 23 , in the case of 
platinum, has been amply verified in numerous experiments. In any event 
it is doubtful whether much attention should be paid to chemical evidence, 
as the amounts of matter required are extremely small in all cases. There 
does not, at present, seem to be any evidence other than the value of m/mi, 
which would tend to support the view that these ions are charged atoms of 
argon, and the same may be urged iq^inst the hypothesis of heavier atoms 
provided with multiple charges. 

In conclusion 1 wish to thank ray former assistant, Mr, K S. Taylerson, 
to whose ingenuity and manipulative skill the measure of success attained by 
this investigation is largely attributable. 


* 0. W. IhobardHon, ‘FbiL Mag.,’ 1910, vol. 20, p. 981. 
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Absolute Measurements of a Resistance by a Method based on 

that of Lorenz. 

By F. E. Smith, A.R.C.Sc. 


(Communicated by 11. T. Glaaobrook, M.A., F.K.S. Received October 27, — 
Bead December 11, 1913. 

(From the National PhyHical Laboratory.) 

(Abatract.) 

The instrument describecl commemorates the vioxk of the late Prof. Virianm 
Jones. Its construction was rendered possible by a generous grant of money 
by the Drapers’ Company of London, and by the kindness of Sir Andrew 
Noble, who provided the heavier metal portiuns of the instrument at very 
much less than the cost price. 

The instrument differs from all other forms of apparatus based on the 
method of Lorenz, inasmuch as two discs are employed instead of one, thus 
practically eliminating the effect of the earth’s magnetic field. 

The magnetising coils are four in number. They are wound in single layers 
on marble cylinders, and the disposition of the coils with respect to the discs 
is such that the resulting magnetic fields through the discs are opposed in 
direction and the intensity of the field at points in the neighbourhood of the 
edge of a disc is of zero value, or nearly so. A diagrammatic sketch of the 
arrangement is shown in the figure. 
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Eaoh of the two discs supports ten insulated phosphor-bronze segments 
placed at equal distanpes around its circumference, and the ten segments on 
one disc are connected to those on the other disc by ten conducting wires 
passing through the centre of the shaft. When the wires rotate with the 
discs a difference of potential is produced between their ends. The ten 
conductors are treated as five sets of two, and the five sets are at times 
placed in series by means of ten bnishes (five to eaoh disc), and at other 
times they are placed in parallel. The difference of potential produced by 
rotation is Imlanced against that on a standard resistance, B, through whidh 
the same current flows as through the coils. The resistance B can thus be 
found in terms of the mutual inductance of the coils and brush contact 
circles and the rate of rotation of the conductors. The difference of potential 
produced by the rotation of a conductor is dependent on the position of its 
ends only, and not upon its shape. Tlius the difference of potential at the 
extremities of a conductor ACDB (see figuie) is not altered if its slispe is 
changed to AEFB. 

The brashes consist of thin phosphor-bronze wires, stretched by two spiral 
springs, and resemble violin bows. Eaoh brush makes contact with one or 
two sq^ents over a length varying from 5 to 6 cm. and leaves a segment at a 
tangent, thus making the pressure greatest at tlm mid-point of contact. 
Petrol is employed as a lubricant for the bruslies and is fed continuously to 
the surfaces of tlie segments. 

The coils are wound with bare copper wire in double' tlireaded screw 
grooves cut on the surfaces of tlie cylinders. The two wires on any one 
cylinder form two adjacent helices, wliich may be connected in series or in 
l)arallel; an insulation test may be made between them. There are eight 
helices in all and these are connected by means of small concentric cables to 
a pli^ board and commutators, which enable the direction of the current in 
any coil to be changed at will. 

Each cylinder is mounted on a strong metal support and its position with 
respect to a disc may be altered with ease by screw adjustments. The 
distance between the mid-planes of two coils is measured by means of 
microscopes. . 

An electric motor is used for driving. It is situated at a considerable 
distance from the coils and its influence as a mass of iron on the mutual 
inductance of the coils and brush contact circles has been experimentally 
shown to be not greater than one part in 10,000,000. A commutator is 
fixed to the axle of the motor, and this serves to charge and discharge a 
condenser placed in one arm of a Wheatstone bridge; by keeping the 
bridge permanently balanced the speed of the Lorenz apparatus is main- 
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tained constant. A directly driven olurouograph enables the speed to be 
calculated. 

Careful testa were made of the magnetic quality of all parts of the 
iuHtiument, and, with Iho exception of the motor, I am satisfied tliat the 
magnetic permeability of no portion cxceeda unity by move tlian two parts 
in 100,000.' 

The diameters and axial lengths of the coils wore measured on three 
occasions and the results show that the dimensions liave not changed by more 
than 3/1000 nun., equivalent to one part in 120,000. The diameters were 
measured with a current of 2 amj^^ros circulating in the coils, and tlie 
increase in diameter produced by tfio heating was measured with considerable 
accuracy. 

The diametral distance between opposite segments on a disc is about 54 cm., 
and when a disc rotates 1100 times per minute the diametral distance is found 
to iucrease hy 0*09 mm. 

The calculation of the mutual inductance of the coils and brush contact 
circles allows for the conicality of the coils and for the variation in pitch. 
Allowance is also made for the change in mean diameter of the coils during a 
measurement of resistance. 

Electrical methods were adopted to set the coils coaxial with the shaft, and 
proved to be extremely sensitive. The error involved by any departure from 
the coaxial position may 1)6 made negligible even for measurements of high 
precision. 

The resistances measured had nominal values of 0*001 ohm, 0*002 ohm, and 
0*01 ohm. The observed values in absolute measure and the values in 
International ohms are given in the following table : — 


No. of 

observationi. 


Kesitttance. 

Iliffarenoe, 
parUin 100,000. 

Standard. 

Abiolute 

meaiura, 

om./aeo. 

In 

InCarnational 

ohms. 

28 


0 *001 ohm 

lOOOSle 

0 * 00100032 ^ 

52 | 

18 


0 *01 ,, 

loooeou, 

0 * 0100038 , 

ftl* 

6 


0 *002 „ 1 

Standard latUtanoe 

eso 

! 



varied 


2 

Ck)ilfl 1 and 2 used 

0-001 „ 1 

IOOO9O4 

O-OOlOOOSQa 

eii 

2 

Coib 3 and 4 utod 

0 *001 „ 

1 

100091 , 

0 * 00100080 , 

62 , 


The International ohm is defined as the resistance offered to an unvarying 
electric current by a column of mercury, at the temperature of melting ice, 
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14’4521 gnu. in mass, of a constant oro8B*Bectional area, and of a length of 
106*300 cm., while an ohm has a reaistanoe of 10* cm./sec. 

The agreement is most 8 atiefactot 7 . 

The conclusion is that a resistance of 1 International ohm is equal to 
1*00062±0*00004 ohm (10* cm./sec.), the probable error of ±0*00004 being 
approximately the sum of those involved in the resistance of the ohm and the 
International ohm. It follows that a column of mercury, at 0° 0., 
106*245 ±0*004 cm. long, of constant cross-sectional area (the same as that of 
the International ohm), has a resistance of 1 ohm. The mass of this column 
will be 14*4446 ±0*0006 grm. 

I desire to express my thanks to the Drapers* Company of London and to 
Sir Andrew Noble for tlieir generous liolp, to Lord Bayleigh for his keen 
interest in the work, and to Dr. Glazebrook for his very valuable help and 
advice throughout the investigation. 


Elastic Hysteresis in Steel. 

By F, £. ItowETT (Whitworth Scholar), Besearch Student of the University 

of Cambridge. 

(Communicated by Prof. B, Ilopkinsou, F.It.S. Beceived November 12, — 
Bead December 11, 1913.) 

The rate of dissipation of energy by internal molecular friction, when steel 
undergoes variations of stress within what is ordinarily regarded as the elastic 
limit, was the subject of a recent paper by Hopkinson and Trevor- Williams.* 
A bar of steel having an elastic range of about 25 tons per square inch was 
subjected to direct (axial) push and pull, the limits of tension and compression 
being equal, and the frequency of the cycles about 120 per second. The 
dissipation of energy by elastic hysteresis was determined by the fall of 
temperature between the middle point of the bar and the ends. It could be 
measured accurately in this way when the range of stress was near the elastic 
limit (25 tons per square inch) and could be detected when the range was 
10 tons per square inch. 

One object of ‘the research just referred to was to ascertain whether the 
dissipation of energy per cycle of stress increased with the speed of reversal, 
in other words whether the internal friction to which this dissipation is 
* ‘ Roy. Soc. Proc.,’ A, vol. 87, p. 502. 
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due is of the nature of solid friotion, or is more analogous to the viscosity 
of fluids. For this purpose the bar was alternately compressed and extended, 
statically, in a testing machine, between the same limits of stress as in the 
high-speed tests, and the stress-strain curve was obtained by means of a 
specially designed extensometer. 

The curve is of course a very narrow loop, the area of which corresponds 
to tiie dissi^wtion of enei|^ in the slow-speed cycle. It was not found 
possible to do more than determine the width of this loop at the origin, 
corresponding to the difference in length of the unstressed piece according 
as the last application of stress had been compression or tension. The 
area of the loop is equal to tlie product of this difference into the range 
of strain, multiplied by a constant which depends on the shape of the 
loop. In the paper under consideration it was assumed that the loop 
was of lenticular form, being bounded by two arcs of circles of large radius, 
and on that assumption the hysteresis in the static test was at all stress 
ranges about 1*25 times that found in the high-speed cycle between the 
same limits of stress. As pointed out in the paper, the uncertainty as to 
the shape of the loop precluded any very definite inference as to the effect 
of speed of reversal on hysteresis except that the difference, if any, was 
probably in the direction of reduced hysteresis at high speeds, and that it 
was not more than 30 xwr cent, os between 120 cycles per second and 
quite slow reversals. 

The present research is a further study of this problem. In order to 
secure higher accuracy in the measurement of the static hysteresis, thin- 
walled tubes have been used in torsion. By the use of spirit levels in the 
manner described in greater detail below, it has been found possible to 
detect shearing strains of the order of 10~*, corresponding to a stress of 
12 lb. per square inch, and to determine within about 5 per cent, the 
energy dissipated by elastic hysteresis in a cycle of stress well within the 
elastic limit. The corresponding high-speed cycles were observed by the 
method of torsional osciHations, first employed by Lord Kelvin. One end 
of the tube was fixed, and a fly-wheel was mounted on the other end, of 
such inertia as to give a frequency of torsional vibration of about 70 pet 
second, and the amplitude of vibration was recorded photographically. 
From the rate of decay, after correcting for air-friction, the hysteresis loss 
is calculated. 

Briefly, the result of these experiments is to show that the hysteresis is, 
inobably within 6 per cent., the same at high speeds as at low speeds. 
Furthermore, the shape of the hysteresis loop, which was left uncertain by 
Hopkinson and Trevor-Williams* work, has been determined. If the constant 
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giving the araa of the loop from its principal dimensions, which has been 
determined by the present author for torsional cycles, be substitnted for the 
conjectural constant used by them, the result is to bring the hysteresis of 
their static cycles into almost exact agreement with that which they found 
at high speeds. 

It also aj)pears that in a hard drawn tube as supplied by the makers the 
hysteresis is for all stress-ranges only about one-eighth of the hysteresis in 
the same tube after it has been softened by annealing. In the annealed tube 
the loss per cubic centimetre per cycle, with a stress-range in shear of 
1160x10*’ dynes per square centimetre (7*5 tons per square inch), is about 
11,000 ergs, and it varies approximately as the cube of the stress-range. 

Hopkinsun and Trevor-Williams found at the corresponding range of stress 
a loss of about 4000 ergs in a steel bar which had not been annealed, and at 
higher stresses the loss in their experiments varied as the fourth power of 
the stress-range. 

Hif/h-iqieed Cyclat. 

The material was in the form of tubes having a mean external diameter of 
0'625 inch, and a mean thickness, determined by weighing, of 0'0475 inch. 

The steel had the following composition : — Carbon, 0*17 per cent.; manganese, 
0*24 per cent. ; sulphur, 0*02 per cent. ; phosphorus trace, the remainder 
being iron. 

The tubes, as they came from the makers, were hard, as the result of 
the drawing. The elastic limit in torsion in this state was 18*8 tons per 
square inch shear stress in either direction, giving an elastic range of 27*6 tons 
in shear or 56 tons in tension and compression. By annealing at 800° C. for 
fifteen minutes and cooling in the furnace the efifeot of the drawing was 
removed. The tubes were then quite soft and ductile and had a well-marked 
yield point in torsion of 5*68 tons per square inch shearing stress, the 
elasticity as determined by ordinary tests being nearly perfect up to that 
stress. The elastic range in this condition is, therefore, roughly 11*2 tons per 
square inch in shear or 22*4 tons per square inch in tension and compression. 

The specimen tul)e AB was firmly fixed at B, fig. 1 (thorough and smooth 
soldering was found to be efiioient), into a steel block, which in turn was 
securely bolted down to a cast-iron frame of very massive proportions. The 
upper end of the tube was fixed into a small flywheel, the whole being 
arranged with the tube vertical, as shown in fig. 1. Four very small stops 
were fitted into the flywheel, two being utilised for applying a pure torque 
by means of stirrups E and F. Cords passed from the stirrups over pulleys 
fitted with ball-bearings, and were attached to scale pans Q and H. 

The two columns M and N were fitted with adjustable centres, about which 
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the ring PQ could be i^tated. Thi» ring carried two stiH*, fine-threaded 
screws which engaged with the remaining two stops on the fiywhecL The 
latter were fitted »*> that the upper*edge of one and the lower edge of the 
other coincided with each other and with the centra of the flywheel. The 
heights of the adjustable centres were set so that upon rotating the ring the 
screws left the stops, the one at the upper edge and the other at the lower 
edge, at the same instant. 



Fio. 1. 


A mirror was attached to the tube at a definite distance from the fixed 
end, and records wore taken of its motion upon motor-driven photographic 
films. In making an experiment, a definite torque was applied to the tube 
by means of weights and stirrups, and the screws adjusted so as just to take 
the stress on turning the ring into jxositiou. 

This could be conveniently done fay observing the spot of light, any move- 
ment of the spot on turning the ring indicating a faulty adjustment. The 
weights and stirrups were now removed without disturbing the distribution 
of stress in the tube. 

A record was finally obtained by rotating the ring clear of< the slops and 
thus releasing the flywheel, which was thereby set in torsional vibration. 

A calibration was taken upon the same film by applying the same torque 
and obtaining the deflection in the form of a continuous line on the film, the 
ring meanwhile remaining frae, so that the calibration was independent of 
the setting or the adjustments. 

It was found that 1 cm. deflection corresponded to a stress of 229 x 10^ 
dynes per square centimetre, about 1*48 tons per square inch. 

The effect of air friction was investigated by fixing a nmall steel post above 
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the flyw}ieel to which web attached a disc of thin sheet tin. Films were 
obtained with the tin disc attached and also without the tin disc for the 
same specimen, and the increased damping obtained by difference. The air- 
friction was found to be small by comparison when the steel tube used had 
been annealed. The tubes, however, as supplied were in a hardened state 
due to the process of manufacture, and in this condition the dissipation of 
energy in the specimen was found to be considerably less than in the annealed 
state. Advantage was taken of this fact to determine the energy lost by air 
friction. 

The friction loss is due almost entirely to the vibration of the flywheel, 
the motion of the tube being very small indeed. Tlio flywheel was a plain 
smoothly turned disc, and the friction loss per cycle was assumed to be the 
scune as that of a disc of the same diameter of tin plate with a rim attached, 
the width of the rim being equal to half the thickness of the flywheel. The 
disc was attached at a distance sufficiently away from the flywheel to avoid 
any interaction, and the two had exactly the same motion. 

The weight of the disc was so small in con^rison to the flywheel that 
the frequency of vibrations was altered by only a amount (about 

0*25 per oent.). The damping curves obtained are shown in fig. 2. The amount 



of energy stored in the flywheel and tube per cubic centimetre of steel is equal 
to the (stress-range) ^ where C is the modulus of rigidity, the stress- 
range and C being both expressed in dynes per square centimetre. 

Let X ss amplitude, which is proportional to the range of stress, and 
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Buppoae the energy lost per oycle k Then the loss of energy per second is 
given by 

naf* X A = Rci, 


where n = number of cycles per second and A and 11 ate constants ; the 
inti^ral of which is 


t 


15 1 

?iA ' (2— »») 








where xo in the amplitude when ^ = 0. 

If m = 3, correeponding to the law friction < velocity*, the law of vaiiaiion 

of amplitude is given by 

I = xfl— i 1, where X = constant, 

Lac xoJ 

that i^he inverse of the stress-range plotted against the number of cycles 
performed should give a straight line. The latter lias been done for ilie 
curves above and the results are shown x^otted in hg. 2» Stiaiglit lines were 
obtained both for free vibrations and also when the additional air disc was 
attached. ^ ^ * 

The equations of the lines were found to be 

1. Free vibration 1// = 0-916 x 0-40 x 10““ m, 

11. Additional air friction ... l//= 0-950x 10“*-f 0*56 x 10““wi, 

where / := stress range in dynes srxuare oentimetre, and 
m = the number of cycles performed. 

The energ^*piSSsent per cubic centimetre of metal = i/*/C ergs, where 
C = modulus of rigidity. 

From Etjuation I — j = 0-40 x 10““, 

.. .. II -1.£ = 0-56x10-» 

The energ}' lost per cycle \m cubic centimetre = ~4C' ' ^u, 


G as 82'8 X 10*** dynes per square centimetre (12 x 10* lb. per square inch). 
Therefore from I the energy lost per cubic centimetre per cycle is 

1‘208 X 10“** x/* ergs, 

and from II l*fi{)l x 10“** x/* „ 

The energy in ergs per cubic centimetre per cycle lost by air friction is 
therefore 

0'483xl0-»‘x/*erg8, 

0-726xl0-**xy» „ 


and by hysteresis 
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/ being in djnes per aquare eentintetre. If / be expressed in tons per 
square inch, 

Hysteresis loss = 2‘677 x./* ergs per cubic centimetre jier cycle. 

Air frictional loss = 1’78.S x/“ „ ^ « 

Fig. 3 shows the results plotted. The frequency of the vibrations in the 
above experiments was 67 cycles per second. 



67 cycleB per second. 

Fio. 3. 

ETsperim^nts imih Annealed Tnbes. 

Some of the tubes employed wore annealed by gradually heating them 
throughout their length to a temperature of 800^ C in an electric fuinaoe, 
maintaining this temperatui'e for about 15 minutes, and then allowing them 
to cool in the furnace. The cooling took about 4 hours. 

For the same stresB-range the damping was found to have considerably 
increased and Table I gives the dissipation in ergs per cycle at the various 
Htress-^nges, while fig. 4 shows results plotted. The length of the tube 
employed was the same as in the previous experiments and the frequency 
was found to be the same. Column 7 gives the calculated dissipation due to 
air friction and the hysteresis loss is obtained by difference. 

It will be seen from fig. 4 that at a stress-range of 1160 x 10* dynes per 
square cm. (7*6 tons per square inch) the hysteresis loss per cubic centi- 
metre per cycle is 11,000 ergs, whereas the air friction loss is 740 ergs or 
about 6*7 per cent. 
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Table 1. — ^ExperimentB on Annealed Tubes. Annealed at 800^ C. and Cooled 

in Furnace. Vibrations 67 per sec. 


Ko.of 

AmplU 

oyoleB. 

tude. 


cm. 

0 

6*17 

2 

4*88 

4 

4*62 

6 

4*41 

8 

4*21 

10 

4*02 

12 

3*88 

, 14 

3*66 

, 

8*50 

18 

8*34 

20 

8*19 

30 

2*62 

40 

2-11 

60 

178 


StreBB-range. 


tona per ttq in. 
7*82 
7-38 
6-09 
6*67 
6*36 
6*08 
5*79 
6*64 
6*30 
6*06 
4*83 
3*04 
3*20 
2*62 


Energy. | 


ei^B. 

2 201 X 10® . 

1 *062 K 10® , 

I 1 *761 K 10* I 

; l* 6 »K)xlO* 

{ 1*466x10* I 
: 1 *327 X i(»* ; 
i 1*208x10* 1 
I I *102 X 10* 

1 1*000x10* 

' O'MSkIO^ I 
I o -HaSKio* 

I 0-S60xl0> 

' o-sesxio^ 

I 0‘24ex10‘ 

I 


Mean 

atrf^BK. 


7*60 
7*10 
6*83 
6 '61 
6-22 
6-93 
6*66 
6*42 
6*17 
4*94 
4*30 
3*67 
2*01 


DiBsipation. 


per cyole. j 

11,960 
10,060 
8,060 
7.200 
6,450 
5,960 , 

6,300 
4,660 I 
4,660 

1 3,050 1 

I 2,800 I 

1,011 i 
I 1,221 i 


Oorreoiion, 
air friction. 


770 

660 

660 

480 

417 

860 

312 

280 

236 

200 

132 

76 

44 


HyatereniH. 


ergB per cycle. 

11,180 

9,300 

7,400 

6,720 

6,083 

6,600 

4,088 

4,370 

4,814 

3,760 

2,068 

1,835 

1,177 



Orrfer of Accuracy in Ihfnamieal Experimcni. 

The amplitudes of tbe vibrations upon the photograpiiic films could be 
measured to 1/6 mm., so that, at tbe maximum range of about 6 om., the 
possible error did not exceed 1/260 in the amplitude or 1/126 in the 
energy. This amounts to 1600 ergs per cubic omitimetre. 

13ie dissipation is calculated 1^ obtaining the energy present every two 
complete oyoles, taking the difference and dividing by two. 

The difference at the hi^er ranges amounts to about 20,000 ergs, so that 
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tlie possible error in the measurement of energy dissipated in any one cycle 
doee not exceed 8 per cent. 

In the fair curve drawn through the plotted points for this quantity in 
terms of the number of cycles completed, the accidental errors of observation 
disappear in large measure and the error at the higher stresses probabfy does 
not exceed 4 per cent. 

SUUie Hxperiments. 

Static tests were performed upon the tubes used in the dynamical experi- 
ments, with the object of finding the actual shapes and areas of the hysteresis 
loops for various stress-ranges when these were performed slowly by hand. 

The method employed was to submit the tube to cyclic stress-ranges 
performed in the direction of the arrows, fig. 5. After a number of cycles 



the process was stopped at a point £ and the strain measured. The cycle 
was then continued until the point F was reached having exactly the same 
stress but being in the opposite portion of the loop. 

The strain was again measured and the difference bdtween the then value 
and the previous value for the same stress gave the length EF. 

By varying the position of the points E and F and meanwhile keeping the 
stress-range constant the exact shape of the loop for this range was obtained. 

The difiBoulty in such experiments of e liminatin g completely the effoots of 
friction and hysteresis in the apparatus which is used for measuring stress 
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was overcome in this oase by fixing the tube under experiment at one end to 
a much longer and stronger liard drawn tube, through whicli the torquo waa 
applied, and by the twist of which it was measured. The dimensions of the 
tube were such that the stress in it was about l/7th of that in the small tube. 

Since the hysteresis stress difference (measured by AH', fig. 6^ varies 
approximately as the sipiaro of the stress^rauge, the value of the stress 
difference in the large tube was about 2 jier cent, of its value in the 
small tube. 'The hysteresis in the large lulie was removed by applying a 
small torque until the actual twist in the large tube was zero. This 
small torque, however, removed some of the twist due to hysteivsis in 
the small tube, and the hysteresis observed in the small tube was thus 
smaller than the actual value by 14 per cent, when both tubes were in 
the hard drawn condition. When the small tube was anneaie<l and the 
other hard drawn the error was abont 1‘8 per cent. 

Static Apparatus. 

The stiff tube was rigidly fixed at one end and the toniuo waa transmitted 
to it through the experimental tubt\ The lengths of the tubes were such 
that the angular twist in each was approximately the same. Fig. 6 given 
a general view and details of the a}>pBratus. The oomiMnind tubt' QH 
was rigidly fixed at G, while the end H was keyed to lever L working 
between adjustable stops K and F. Sensitive micrometer levels, fig. 6 (a), 
were fixed to the tubes at the positions A, B, C, and 1), and at Mi and 
Mg small plane mirrors, fig. 6 (b), were arranged so tliat reflections from 
scales Si and Sj were observed in telescopes Ti and Tj respectively. 

The weights W exactly balance the weight of lever L. The mirrors Mi 
and Ms, in coqj unction with the telesco]:)es and scales, supply the means 
of measuring the extreme ranges of strain, and thus of stress. 

In making an experiment the desired torque is applied to lever L, fig. 6, 
and by means of the micrometer screws all four levels are a«i}U8ted so 
that the bubbles read zero. The desired cycle of stress is then applied 
by movement of lever, which is returned approximately to its original 
position, and there adjusted by means of screw ? until the two levels A and 
B again read exactly zero. 

If the hysteresis in the large tube is n^lected the torque is now precisely 
the same as before. The levels C and D will now no longer read zero, and 
the difference between them represents the hysteresis corresponding to the 
cycle of stress which has been performed (i,e. length EF in fig. 5). 




Fia. 6. 


SlMpe of the Loop. 

To obtain a comparison between the hysteresis at high frequency and that 
obtained static experiments, it is necessary to know the area of the 
loop, that is to obtain the relation between the maximtun and mean widths. 

Him has been done in the following manner : — A. definite stress-range was 
first decided on, and the stops E and F adjusted as required, the range being 
calculated as before from the mirror readings at the extreme positions of 
lever L. 

After a few hundred cycles had been performed at this range, in order to 
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get the material into a oyclio state, the prooess wan stopped at a definite 
point in the cycle and the stress maintained by means of screw F. All 
the levels were now adjusted to read zero and the readings of the telescopies 
noted. From the latter and a knowledge of the readings for zero stress, 
the position in the cycle was ascertained. The cycle was now continued 
to one extreme position and tlic lever brought back and screw P adjusted 
until levels A and B wei-o again zeixi. This occurs (neglecting hysteresis 
in tlie large tube) when the stress in the large tube, and therefore in the 
small tube, is exactly the samo as before. The levels C and D were nou 
found to have readings other than zero, showing that the strain in tin- 
tube is slightly different from what it was before. 

Table II gives the results fur a cycle covering a range of 7‘36 tons per square 
inoh(±3’93 tons). The last column but one givos the difference of twist 
observed at various pioints in the cycle, according as the stress is increasing 
or decreasing. The last column gives the corresponding stress difference, 
and is obtained by multipilying the strain in the preceding column by 
the modulus C. These results are shown graphically, the figure representing 
the hysteresis loop being magnified 40 times in the direction of the stress 
axis. It should be noted that in setting out the figiue it is assumed that 
tlie observed stress difference, such as BS, fig. 7, is bisected by tbe line 
PQ which corresponds to perfect elasticity. This assumption is, of course, 
not necessarily true, and to this extent thll^ta^l shape of the loop is 
uncertain, but it docs not affect the area of the loop, which it is the main 
object of those experiments to determine. The mean width of the loop is 
0’506 of the maximum width, and the area in ergs of the cycle is to bo obtained 
by multiplying the maximum width on the stress axis by the range of strain 
and by the constant 0'506. Hopkinson and Trevor-Williants assumed this 
constant to be 2/3, and tbe dissipation for high-speed cycles then appeared 
to be 0'8 times that observed in the statical experiments. The use of the 
factor 0'606 in reducing the results of the latter brings the two into close 
skgreement. Another experiment at a range of 6 tons per square inch gave 
the same ratio of maximum to mean width within 1 per cent. At lower 
stress-ranges the accuracy is not sufficient to determine the shape of the loop 
but it may be assumed that it is substantially independent of the stress-range, 
and that the area may be calculated from the width of the loop at zero stress 
by the use of this same constant. This width was determined for a number 
of stress-ranges. The procedure was exactly the same as described above, 
the only points determined in each case, however, being those oorreqiond- 
ing to zero or approximately zero stress. 

The results are plotted in fig. 8. The corresponding loop areas calculated 
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from the maxiinom widths by the use of the constant 0*606 gave when 
plotted the carve shown in fig. 9. On the same figure are shown the values 
of the energy dissipated per cycle at 67 cycles per second, as determined with 
the dynamic machine. It will he seen that the two agree very closely. 


Table II.— Experiments on Annealed Tubes. Shape of Hysteresis Loop. Stress-range 

7'86 tons per sq. in. 


Mirror mdinga. 

Kquiralent 

fitresB. 

liOVol n 

0. 

Mulingt. 

U. 

Squimlent 

micrometer 

readings. 

Differ- 

ence. 

Strain lag 
twilit in 
radians, 

Width of loop 

11*32 

0*80 

Tons per iq. in. 
3 56 

0 

0*4 

0 

0*81 

0*81 

0*0:18x10-* 

Tons per iq. in. 
0-0066 

12 -32 

11 *18 

3*06 

0-06 

1*6 

0-04 

1 ‘26 

1*21 

0 129x10-* 

0-0210 

18*82 

12-47 

2-696 

0*1 

2-76 

0-07 

2*14 

2*07 

0*22lxl0“» 

0-0870 

14 '82 

18 ‘80 

2*20 

0*1 

S-80 

0-07 

2 97 

2-90 

0'800xlO-» 

0-0617 

16 '32 

16*11 

1-772 

0*2 

6-0 

0-14 

3*00 

3*76 

0-401 *10-* 

0-0672 

16*82 

16-46 

1*808 

0*8 

6*4 

0*22 

6*00 

4*78 

0 *610x10 * 

0*0668 

17*32 

17 77 

0*878 

0*3 

7*3 1 

0*22 

6-61 

6*47 

0*684x10-* 

0*0977 

18*82 

1911 

1 0*401 

0*4 

8*1 1 

0*29 

6’S2 

6*08 

0*648x10-* 

0*1076 i 

19-33 

20*42 

1 Kil 

0-4 

8*8 

0*29 

6*86 

6*67 

0*701x10 ■* 

0*1172 1 

20*84 

21 -72 

1 0*808 

0*4 

8 1 ; 

0*29 

6*32 

6*08 

0*648x10“* 

0 -1076 I 

21 *34 

28*06 

0*874 

0*3 

7*4 

0-22 

6*77 

6*66 

0*694xl0’< 

0*0996 1 

22 '84 

24*37 

1 1*293 

0*8 

6*4 ! 

! 0*22 

5*00 

4 '78 

0*610x10-* 

0*0868 

23*84 

26 *72 ; 

1 1*77 

0*2 

6 1 

' 0*14 

3-98 

8*84 

0*409x10-* 

0*0683 ' 

24*84 

2708 1 

2*19 

0*1 

3*8 1 

1 0*07 

2*07 

2*90 

0*809x10“* 

0*0517 I 

26*84 

28*86 1 

1 2*606 

0*1 

2 8 

0*07 

2*18 

2*11 

0*226x10-* 

' 0*0876 1 

26*84 

29 *70 ' 

1 8*10 

0 

1*6 

0 

1*17 

1*17 

0*126x10“* 

0 0200 ! 

27*34 

81*08 

8*68 


0*4 

0 

0-81 { 

0*31 

0-088x10-* 

j 0*0055 


Table III.— Experiments on Annealed Tubes. Annealed at 800° C. and Cooled in Furnace. 


Setti 

ne mirror 

Kquiva- 

lent 

No. of 

Lerel readings. 

Kquiralent 

Differ- 

Angle of 
twist, 
radiins. 

Uysteresis 

stress 

Area of 

reaSingc. 


stress- 

range. 

cjolei. 

C. 

D. 

micrometer 

readings. 

enoe. 

differ- 

ence. 

cycle. 

i 



Tons per 








Tons per 




81-96 

6-79 

sq. 10 . 








iq. in. 
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Fio. 7. 


Unnnmaled Tvhes, 

An unaiinealed tube was introduced into the static apparatus and readings 
token for the width at the mid- point of liysteresis loop. 

It was found as might be expected from the high-speed experiments that 
the hysteresis was veiy small except at high ranges of stress. The following 
value is given as illustration : — 

Stress-range, 8*62 tons per square inch (13-17x10* dynes per square 
centimetre). 

Width of loop at centre, 0-016 ton per square inch. 

Area of loop, 1820 ergs. 

At the same stress-range the dissipation found in the high-speed machine 
was 1660 ergs (see hg. 3). The difference between this restilt and that 
obtained statically is within the errors of ex})eriment. 
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Stress nainje— Tons per sq. in. 

Fid. 8. 


Ordfi' of Accuracy in the Static Ej^rimmts, 

The levels used were placed 10 inches apart upon the experimental tube, 
and when in position the levels were calibrated against rotation of mioroineter 
heads. The divisions on the levels were about inch long and readings of 
these could be easily estimated to -^th of a division. 

One division of the levels required, taking the mean value of levels 0 
and D, 0'75 of a thousandth on the micrometer head. 

0*15 

Thus ith division = in. 


The micrometer head worked upon a radius of 9^ inches, so that the angle 
of twist could be accurately estimated to within 

016 8 8 ,. 

1055 ’‘fS- Sows"*™- 

The angle of shear <j> = rdjl could lie thus estimated to 


_i— xA 

600,000 160 


1 

2x10* 


mdians. 
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Assuming C = 12 x 10" lbs. per square inch, the hysteresis stress difference 
could be calculated to within 

12 X 10" X - = 6 lb. per square inch. 

For a stress range of 7‘67 tons per square inch tho hysteresis stress differ- 
ence is 0’109 ton per square inch (244 lb. per square inch) so that by means 
of the apparatus described above the width of the loox> at the mid-point for 
this range can be estimated correct to within 2^ per cent, of itself. 

The above work was carried out at the Engineering Laboratory, Cambridge, 
and 1 wish to express my thanks to Prof. B. Hopkiusou for his kind help and 
inspiring interest. 
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Studies in Brownian Movement. I. — On the Brownian Movement 
of the Spores of Bacteria. 

By Joiix H. Shaxby, B.Sc., and R Emrys-Robrrts, M.D. 

(Communicated by Principal R H. Griffitha, F.RS. Beoeived November 19, 
1913, — Bead Janiury 29, 1914.) 

(From the Departmont of Pathology and Bacteriology, University College, Cardiff.) 

T. Brownian movement, the persistent and irregular motion of small 
particles suspended in a fluid, has been shown by the work of Wiener,* * * § 
JevonB,t 6ouy,J and others to be independent of such conditions as vibration, 
intensity of illumination and convection currents ; it occurs equally at the 
surface of the earth and in deep cellars or tunnels. Its activity, in fact, 
seems to depend only on the size of the particles, and upon the tem})erature 
and viscosity of the fluid in which they are suspended. These facts led 
Wiener, and subsequently several others, to attribute the movements to the 
molecular motion of the fluid, of which the particles thus act as indicators. 

In 1905 Einatein§ embodied this theory in a definite form : he showed 
that the total displacement of a particle in any given horizontal direction in 
a given time is proportional to the square root of that time, ami is given by 
the equations 

D = X»/2< = RT/6w7v;N, 

in wliich I) = coefficient of diflusiou, = mean square of displacement in 
the direction of an arbitrary horizontal axis in time t,T! — absolute tem- 
perature, r = radius of a particle, v = viscosity of suspending fluid, R = the 
gas constant 88'2 x 10*, and N = Avogadro's constant, the number of 
molecules in a gramme-molecule of a gas. Thus measurements either of T) 
or of X and t, together with a knowledge of T, r, and ij, allow N to be 
cabulated, and its value compared with that obtained by other methods. 

The correctness of this theory has been strikingly confirmed by the series 
of experiments carried out by Perrin and his fellow workers.!! They have 
used both measurements of the ooefiicient of diffusion and of the displace- 
ment of particles in a given time in their verifications, and have also 

* ' Pogg. Ann.,’ 1863, voL 118, p. 79. 

+ ' Proc. Manch. Soc.,' 1869, vol. 9, p. 7& 

1 * Journ. de Phys.,’ 1888, vol. 7, p. 061. 

§ ‘ Ann. der Physik,’ 1905, voL 17, p. .049. 

!l ‘OompteB BenduH,’ 1908, vol. 146, p. 967; 1008, vol. 147, p. 470; 1009, vol. 149, 
pp. 477 and 049 ; 1911, voL 108, pp. 1380 and 1068 ; ‘ Ann. de Oiim. et de Phye ,' 1909, 
Ser. 8, vol. 18, p. 
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exaniiiied rotatory Brownian movement, for which Einstein* also supplied 
the tlieory. Perrin’s first experiments were made upon the statistioal 
equilibrium of suspensions. Small particles of equal size suspended in 
a fluid of density less than their own tend to settle to the bottom of the 
fluid ; this tendency is opposed by their Brownian movement, which, if it 
were not for gravity, would distribute them evenly throughout the fluid. 
The net effect is thus a distribution exactly similar to that of the air 
molecules in an isothermal atmosphere ; the number of particles in a given 
horizontal layer is statistically constant as soon as a kinetic equilibrium has 
been established, and the ratio of the numbers in any two strata at a vertical 
distance h apart is given by the equation, for suspensions, 

wherti /to Ih the mean number per unit volume measured at the lower level, 
n that at the upper level, A and B the densities of the material of the 
particles and of the Iluid respectively, and Y the volume of each particle. 
The numbers and 7t of this equation and X in that of Einstein’s theory 
were determined by microscopic observations of siiB{)en&ions enclosed in 
a glass cell. The suspensions were bounded both at bottom and top by the 
glass of the microscope slide and cover-slip respectively; the observations 
were thus made on what w^e call below ** enclosed dro{)H.'’ 


The mean values of N/10** determined were; — 

E({uilibrium of suspensions 68'2 

Brownian movement of translation ... 68'8 

Brownian movement of rotation 65 

Diifusion of suspensions 69 


The conditions were varied in the series of experiments to the following 
extent : — 

Mass and volume of particles, in the ratio of 1 to 70,000 and 1 to 90,000 
respectively. 

Viscosity of liquid, 1 to 330. 

Difference, A— S, between densities of particles and liquid, 1 to 30. 

Temperature, from *-9® 0. to 58® C. 

Nature of suspending liquid : water ; sugar and urea solutions ; glycerine, 
pure and diluted with water. 

Nature of suspended particles : gamboge and maBtic.f 

* ‘Ann. der Physik,* 1900, voL 19, p 371. 

t J, Perrin, ‘Les Atomes,’ Lib. Felix Alcan, 1913, 3rd Edit., p IBS. 



546 


Mr. J. H. Shaxby and Dr. E. Emrys-Roberts. 

These variations would appear to be amply sufficient for a satisfactory test 
with the exception of the last. The mere agreement of the results obtained 
with two such similar substances as mastic and gamboge, both resins, is not 
in itself of much value. The close accordance of the value of N obtained 
in these various experiments with the values derived from entirely different 
methods is however strongly in favour of Einstein’s theory, as a complete, 
and not merely an approximate, quantitative description of Brownian move- 
ment. The opinion of other observers, that the movements are independent 
of the nature of the suspended particles, though not supported by exact 
measurements, must yet be accorded some value. Nevertheless it seems 
desirable to examine the behaviour of particles quite different from resins, 
and particularly to investigate any apparent anomalies in Brownian 
movement. 

II. In a previous paper* by one of us and Dr, S. B. Walsh, it was recorded tliat 
the spores of certain bacteria in suspension in various liquids did not show 
Brownian movement. The spores examined, those of BadlhtH anthrnda, 
JL mbtilia and others, are approximately ellipsoidal, of dimensions about 

1/iX 1/A. The observations were made upon hanging-drop preparations. 

The spores forming the suspensions at first exhibited Brownian movement, 
but after a short time a very large proportion of them became entirely 
stationary. Small particles of other substances, such as carbon, and non- 
motile cocci, such as Staphylocacetis anretis, of about the same sixo, in 
exactly similar preparations, continued in Brownian movement indefinitely. 

The immobility of the spores was shown to be independent of temperature 
and occurred in water, in saline solutions, in formol solutions, and in 
dilutions of glycerine of marked differences of density and viscosity. The 
immobility was also found to take place whether the 8pf>res were living 
or had been previously killed by heat. 

The only way in which it was found possible to inhibit the immobility of 
spores in hanging-drop preparations was by treating them with antiformin 
(solution of sodium hydrate and sodium hypochlorite), a strongly alkaline 
liquid with great powers of attacking organic matter. After this treat- 
ment spores showed persistent Brownian movement comparable with that 
of ordinary particles. Acids were without effect ; the chai'ooteristic 
immobility appeared as usual in hanging-drop preparations of spores which 
had been treated with 60-per-cent, hydrochloric add for 48 hours. 

III. The further observations to be recorded show that in a hanging-drop 
preparation the immobile spores form a layer, one spore tliiok, at the air- 
water interface, movement in the plane of the interface as well as in the 

* * Brit. Mod. Joui'ti.,' November 0, 191S, p. 1805. 
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vertical direction being completely arrested. In the course of time these 
immobile spores congregate, still at the interface and still in a layer one 
spore thick, at the lowest, most dependent portion of the drop. Provided 
the spore has reached the interface, the attainment of immobility is 
independent of the direction of its long axis relatively to the surface film. 
The comparatively few spores which do not settle into close approximation 
to the air-water interface continue to show Brownian movement. 

Hanging-drop preparations were also made with particles, of roughly equal 
size, of carbon, mastic, sulphur, barium sulphate, SiaphylocovcuB anrmis, etc. 
All these particles vejuained in free Brownian movement right down 
to the bottom of the drop, they were not aflected by the air-water 
interface. 

The formation of the immobile layer was expedited by heat, either by 
making a hanging dro}) with nearly boiling water, or by heating after the 
drop was made ; this is probably because of the lessened viscosity, and to 
a smaller extent the diminished density of the hot water, which permit 
the spores to gravitate more quickly to the air-water interface. 

Spores are bodies of considerable density (about 1*3 grm. per cubic centimetre) 
but this cannot explain their immobility, several of the other substances used 
being much denser, r//., Bulplmr and Imrium sulphate. To definitely show 
that their weight played no p*irt in the immobility at the bott^nn of the drop, 
an inverted drop was examined — that is, a drop placed on the microscope 
slide itself, protected from draughts and eva})oration by a cover-slip resting 
on a vaseline ring without touching tlie drop. The film of immobile sjxjres 
was again found at the air-water interface, this time at the top of the 
drop. This observation is again alluded to below. 

Nor is the immobility a result of agglutination; although in densely 
populated suspensions the spores of the immobile layer are close together, 
especially about the centre of the surface, they show not the slightest 
signs of agglutination, either in two or three dimensions. Sparse sus- 
pensions were made in which only a few 8}»oreB appeared in the field of 
view, and these spores showed the characteristic immobility as soon as 
they reached the air-water interface, without any attempt at aggregation. 

lY. It appeared then that the peculiar behaviour of spoies might he due 
to a surface tension effect, that the spores were in some way able to 
become part of the surface of the hanging drop, exchanging their kinetic 
energy of Brownian movement for the potential energy of the surface 
film. 

The cover-slip of a hanging-drop preparation of anthrax spores in which 
immobility had occurred was lifted, placed on a vaseline ring on a fiat 
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Blide, and pressed down until the dFO}> oaine into contact with the glass 
of the slide. The suspension, now contained between glass eiirfaoes both 
above and below, was at once examined, and it was found that all the 
spores exhibited Brownian movement. 

Spores in such enolosed-drop preparations are still found chiefly in the 
lowest portions of the drop, their niiiubers decreasing rapidly from below 
upwards, as in Perrin’s sus^HSusions of resin particles. But, although the 
lK>pulated region is thus shallow, by reason of the high density of spores 
as compared with the fluid, it was in no sense a plane, or a surface such 
as tlmt seen in the immobile layer of a hanging-drop preparation. 

Thus, in a suspension of anthrax spores bounded above and below by glass, 
the distribution usual in suspensions is found — the number of spores in 
a given horizontal stratum is statistically constant. But if the medium 
below is air, then the spores close to the air surface become immobile, and 
a further supply of spores comes down, to be in turn brought to rest The 
process continues until practically all the spores have collected into an 
immobile layer, one spore thick, at the bottom of the drop. Even after 
a considerable lapse of time, however, a few spores remain in Biispension, and 
consequently continue to show Brownian inovomeut This does not indicate 
that they are of a different nature from tho immobile spores : that a few 
spores should remain tree for very long periods is to be expected from 
theoretical considerations. The complete mathematical solution of the state 
of the suspension, after tho lapse of any given time from the moment of 
formation of the drop, is a difficult matter, depending as it does upon the 
initial distribution of spores and upon the rate of immobilisation as com- 
pared with the rate of settling under gravity; but the problem may be 
simplified by making the assumptions: (1) that tlie suspension is initially 
in the state of statistical equilibrium represented by Perrin’s formula in §I 
above, and (2) that the rate of immobilisation is so slow that it does not 
disturb this form of distribution of the spores remaining in suspension at any 
instant. These two assumptions practically amount to the one, that the 
suspension must have time to settle into the state described in the equation 
before any large proportion of the spores has been brought to rest. This 
appears to be very approximately true : at all times throughout the process 
of immobilisation, as long as any considerable number of spores remain in 
the body of the liquid, the population in the field of view is observed to 
grow less and less dense as the microscope tube is raised. 

Let no be the number of spores at any instant in a column of unit cross- 
section and depth dx, immediately above the air-water interface, n dx those 
in a similar layer at a height x above, then n s where A is a constant. 
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Hence if a is the total number of spores in the wholo vortical unit 
column, 


a 



n,, 


The rate of immobilisation at the foot of the column at the instant con- 


sidered is clearly given by the expression eng, where c is a constant. Hence 
da/dt = — 0(0 = —cka, which therafore gives s = where S is the total 

iminber of spores in the column initially. Thus the number of spores 
remaining in suspension only becomes xero after an infinite lapse of time ■ 
the observation tliat some few spores still remain in the body of the fluid 
and retain their Brownian movement for a lung period is thus accounted for 

If an immobile layer contains so many sponts as to leave no free air-water 
interface whatever, the upper side of the spore layer acts just as glass would 
do in an enclosed-drop preparation, with the result that Brownian movement 
persists indefinitely among the spores compelled to remain in suspension. 

V. The immobility of a spore is not produced until it reaches a distance 
from the air-water interface too small to be measured. If the microscope is 
focussed on the lowest part of a hanging drop while the process of settling 
is going on, spores can be obsoived in all .stage.s from free Brownian move- 
ment to complete immobility. On limiting the depth of field in focus by 
increasing the diameter of the illuminating beam it can always be demon- 
strated that the most freely moving particles are the highest, and the quite 
stationary ones the lowest, but the wholo depth through which the transition 
occurs is certainly a small fraction of t fi. This would of course ho expected 
if the phenomenon of immobility is a result of surface tension, since 
liord Bayleigh and others have shown that the effective thickness of surface 
films is of the order of a few microniillimetres. 


When the upper surface of the drop was (he one exposed to air the 
immobile layer was found to exist from the first at the air-water interface. 
The greater number of spores gravitated to the liottom of the drop and 
formed there a ixipulation exactly like that of an enclosed-drop preparation. 
Brownian movement continuing indefinitely. The upper layer of spores, 
ijs. those at the air-water interface, did not fall through the drop but 
remained immobile. These spores were not, of course, farther reornited from 
the main body of the drop, and were evidently those which happened to be 
at the interface when the drop was prepared. The immobile spores 
immediately acquired Brownian movement when the cover-slip was pressed 
down into contact with the drop, producing an enclosed drop. 

In repeating this observation it happened that at a certain part of the 
margin of the enclosed drop the preparation extended under the cover-slip 
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for a short distance so as to prolong the attachment of the sospending fluid 
to the cover-slip as compared with the nsual more or less abrupt limit of the 
drop. In this way there was produced a kind of mixed drop, the extension 
under the cover-slip being of the nature of a shallow hanging drop, the rest of 
the preparation an enclosed drop. The nsual layer of inotionleBS spores 
appeared at the bottom of the shallow hanging drop ; that these spores were 
not dried on to the cover-glass was shown by the fact that a few free spores 
were seen moving above them. It was observed that the layer of immobile 
spores followed the downward curve of the meniscus bounding the main 
enclosed drop ; immediately witiiiu that drop, just above the glass of the 
slide, the simros of the lower layer exhibited the nsual Brownian movement 
of enclosed drops. It was further possible to see the air-water interface 
edgewise, half way down the meniscus at the boundary of the enclosed drop ; 
'only those spores which appeared to be in actual contact with the interface 
were motionless, those which were within the drop retained their movements 
u]> to a distance of loss than 1 /x from the meniscus. This directly couiirms 
tlie statement above that the distance from the interface at which spores lose 
their Brownian movement is exceedingly small. 

To remove any doubt as to whether the spores at the air-water iiiterfece 
might be iii some sense dry, enclosed drops, in wliich every spore was in 
Brownian movement, were separated into two drops by lifting the cover-slip. 
It was found that the spores which were left at the air-water interfaces 
of both the drops thus formed were quite immobile, however quickly the 
preparations were examined. 

VI. The immobile s^KireB seem to lie in a veritable surface skin, for 
even violent stirring of a drop by a platinum loop fails to restore any 
considerable number to the body of the liquid. A hanging drop,- which 
was stirred while under observation, showed that the skin of spores was 
dragged about upon the surface of the drop, but not broken up to any extent. 
Again, if the microscope stage be tilted through a considerable angle while 
a hanging-drop preparation is being viewed, the immobile spores merely 
move slightly with the drop as a whole, while the spores exhibiting 
Brownian movement in the body of the drop drift rapidly above them across 
the field. 

In some enclosed-drop preparations small air-bubbles occurred; large 
numbers of spores adhered to their surfaces, and in all oases these spores 
were absolutely motionless. They were in the fluid, closely attached to the 
surface of the bubble. Spores in free Brownian movement were noticed 
at distances less than 1 ft from the bubbles. When by cautious pressure 
upon the cover-glass a bubble was made to move about, the spores wore 
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seen to remain in position upon its surface, rolling with it. Very violent 
rolling resulted in tearing off the surface film in strips, and the curious 
appearance was presented of flat tails or ribbons, about 30 ii long and 5 ft 
broad, composed of immobile spores. These ribbons trailed out from the 
bubble into the liquid, leaving hare patches of (iorre»i>onding shape upon 
the surface of the bubble. The ribbons were presumably held together 
by minute traces of air, which, being gmdually absorbed by the liquid, 
set free ^the spores, which broke away one by one to exhibit Brownian 
movement. 

VII. Xylene, pamffin <nl. and aniline oil were added to different enclosed- 
ilrop preparations of anthrax spores suspended in water. At the interfaces 
between water and the added liquid, in each case, spores were observed 
which were quite motionless, whilst those in the water continued their 
Brownian movement as usual No spores could be demonstrated within 
the xylene or paraffin, but the aniline contained a number which were in 
motion. In certain preparations small drops of xylene were noticed in the 
water, and their surfaces were studded with immobile spores, just as in 
the case of the air-bubbles described above. Greasing the slide caused a 
similar immobility at the bottom of an enclosed drop. 

Control preparations of StaphylorAiccm auretis showed none of the 
peculiarities which we have descrilx^d — free Brownian movement persisted 
indefinitely up to tlio surfaces of air-bubbles, xylene, etc., and in no case was 
a film of immobile cocci produced. 

VIII. The treatment with autifonuin alluded to in §Il was carefully 
repeated. Anthrax si^ores were su8i>endcd in 50-per-cent, antiformin and 
subjected to a temperature of 37** C, for 20 minutes. The suspension was 
then centrifuged, and the supernatant liquid discarded; the deposit was 
washed with water and again centrifuged. A suspension of the final 
deposit was made with water and exaniined as a hanging drop. The spores 
were considerably and irregularly reduced in size, and their surfaces appeared 
to have undergone a corrosive action ; the high refractivity usual in spores 
was now much less marked. In these hanging drops there appeared no 
trace of the usual immobility, either immediately or after the lapse of days. 
Occasionally an immobile spore could be found at the air-water interface, 
but such spores wore always large and highly refractile, appearing to have 
escaped corrosion by Urn antiformin. The bulk of the particles, as stated, 
remained in free Brownian movement down to the bottom of the drop, the 
smallest being, of course, the most active. 

A number of untreated spores were added to such a hanging drop, with 
the i*esult that the immobile layer developed as usual, and was made up 
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of large highly refractilo particlea, evidently the added spores ; the small 
corroded spoi^es retaineil their Brownian movement. Tlie continued move- 
ment after treatment with aTitiformin is thus due to an alteration of the 
surface of the spore, and not to any peculiarity of the liquid leaulting from 
imperfect washing of the centrifuged deposits. 

IX. Summary/, — (1) Bacterial spores examined in hanging-drop and in 
restiug-drop preparations cease their Brownian movement and exhibit 
immobility at the air-water interface, an immobility involving loss of all 
Brownian movement even in the piano of tlie interface. The only subsequent 
movement is closer aggregation in the interface, duo to gravity, os a i-esult 
of the slope of the surface of the drop. 

(2) The immobile s|>oreB appear to lie in a veritable skin at the surface 
of the drop. 

(3) Kesumption of Brownian movement by immobile spores at the air- 
water interface can only l)e induced by (a) destruction of the interface 
by conversion of the hanging or resting di*op into an enclosed drop, 
or partially ami with considerable difficulty by violent stirring of 
the spores at the interface, so as to incorj)orate them into the body of 
the drop ; {b) alteration of the surface of tlie spores by the action of 
corrosives, 

(4) The phenomenon of immobility is also noted when spores are found at 
the interface between water and certain “ oils,** r.//, paraffin, aniline, xylene, 
and gre^isc. 

X. Vvtcusaiorh , — Tlie phenomenon of immobility of spores, under tlie 
conditions refermd to above, indicates a peculiarity in the nature of 
their surfaces, distinguishing tliem from other ^larticles of similar size. 
Since the immobility occurs only at the interfaces between the suspend- 
ing liquid and other fluids, the effect can be reasonably attributed to 
surface tension. As the presence of spores at the interface constitutes a 
final state of stable equilibrium it follows that the attainment of this 
state is accompanied by a decrease of the potential energy of the system ; 
one way of interpreting this is to suppose that the surface tension 
is lowered for that portion of the suspending liquid in the immediate 
vicinity of the immobile spore. On this supposition the phenomenon is 
closely allie<l to the increase of concentration in the surface layers of 
certain solutions, viz., those in which the increase of concentration is 
accompanied by decrease of surface tension. In such solutions the 
surface potential energy is reduced by some of the dissolved substance 
leaving the interior to augment the concentration of the surface film. This 
excessive surface concentration has been fully discussed by Willard 
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Qibbs,* * * § Sir J, J. Thomaun.f and others, and has been demonstrated in the 
froths of solutions of amyl alcohol, sodium oleate, etc., by Miss Benson^ 
Zawidzki,§ and Milner.H Further, substances have been shown actually to 
separate out in a more or less solid form from saponin and other solutions 
and suspensionB by Bamsdenlf and Shorter.** 

It must be noticed that, while the fact that spores remain at the interface, 
and are unable to break away from it, may be thus accounted for, no 
satisfactory explanation is in this way given of the absence of Brownian 
movement in the plane of the interface ; such motion would not require the 
doing of work against surface forces, and should therefore be possible. The 
immobility may be due to an abnormally high viscosity in surface lilms. 
The existence of such a viscosity has been asserted by many writers; 
Plateau, Marangoni, and more recently Lord Rayleighf f and Shorter {lm\ n'L) 
have dealt with the subject. The viscosity may be probably due in some 
way to a Hurfoce cuiitamination ; in the present case it is difficult to see bow 
a “clean" surface, in Ix)rd Bayleigh's sense of the term, could be obtained ; 
indeed, the spores themselves may be the ** contamination." 

Two factors, then, may be regarded as entering into the phenomenon of 
the immobility of bacterial spores at fluid interfaces* ( 1 ) a diminution of 
surface energy, due to some peculiarity of the spores, this causing them, as 
soon as they are brought in any way within the range of action of the 
surface forces, to be drawn into close aj)proximatiou to the interface ; and 
( 2 ) the abnormal viscosity of surface layers of liquids, which destroys the 
Brownian movement of the spores. Particles other than spores, not 
producing a lowering of surface energy, are not drawn into such close contact 
with the interface, and so do not ex{)eri0nce the surface viscosity. 

The viscosity concenied must be far greater than tliat of glycerine, for 
these layers of immobile spores show not the slightest trace of movement 
under the highest magniiications, while the Brownian movement of spores in 
enclosed drops of pure glycerine is readily observable. This, how^ever, is 
probably not an objection to the hypothesis here put forward. Surface 
viscosity prodiiocs a remarkable effect upon the motions of bodies as 

* ‘ Scientific Papens* B)06, voL I, Paper III, “ On the Equilibrium of Heterogeneous 
Substances.” 

t 'Applies, of Dyn. to Phys. and Chein./ 188B, pp 190 and 251. 

t * Joum. Phys. Chem.,' 1003, vol, 7, p 532. 

§ ‘ Zeit f. phys. Chem.,* 1000, voL 35, p 77 ; 1003, voL 42, p 612. 

II ' Phil. Mag.,* 1007, vol. 13, p 06. 

t 'Roy. Soc. Proc.,’ 1003, vol. 72, p 156. 

** ‘ PhiL Mag.,* 1009, vol. 17, p 560. 

+t ' Roy. Soc. Proc.,* 1890, vol. 47, p 281 ; 1890, voL 48, p 127. 
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relatively vast as magnetic needles and rings of wire, whose inertia is very 
great as compared with that of spores, and the proportion of the sur&oe 
exposed to the action of a surface viscosity is also much greater for a spon; 
of dimensions only about 1 n than for a needle or wire. 

There is at present no evidence of an electrical factor in the phenomenon, 
bat further work on this point is in progress. 


The Transmission of Cathode Rays throwfh Matter. 

Uy R. Whiddixgton, M.A., D.Sc., Fellow of St. John’s College, Cambridge. 

{Communicated by Prof. Sir J. J. Thomson, O.M., F.R.S. Received November 25, 
1913, — Rend January 29, 1914.) 

Tho experiments of this paper are the outcome of an attempt to discover 
whether cathode rays are selectively absorbed when their siHjed is suflieient 
to excite the radiation characteristic of tho material they traverse. 

The general laws of absorption of cathode rays were elucidated many 
years ago by I^nard,* and the law which bears his name is expressed b) 
the relation 

I = Io«-^ 

where lo is the "intensity ” of a beam of cathode rays incident on an absorb- 
ing sheet of thickness x-, and I is the "intensity” of the emergent rays. 
The intensity, as measured by Lenard, was indicateil by the brightness of 
a phosphorescent screen struck by the rays. In the above formula X is 
the absorption coefhoient. For a deflnite initial speed of ray \/p is 
constant, p bemg the density of the absorbing material, while for any 
material I.enard found that X varied inversely as the fourth {lower of the 
speed of the rays. 

In the present experiments the number of the cathode rays incident on 
and emergent from various metallic sheets is studied. 

The general disposition of apjiaratus is shown in fig. 1, which is not drawn 
to scale (ebonite insulation is shaded in the diagram). 

T is a narrow brass tube passing through an ebonite plug tightly fitting the 
small brass cylinder C. The top of C consists of the metal leaf under 
examination, the leaf and the material of C being in close contact. D is 
another brass cylinder of slightly larger diameter insulated from C by an 
* Lenard, ' Wied. Ann.,' voL 66, p. 266 (1896). 
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ebonite ring. I’lie oylindera C and D wore provided with side tubes con- 
nected with rub>)er tubing, so as to prevent the existence of any pressure 
dliFerence tending to rupture the leaf. 



Homogeneous cathode rays of known velocity produced by means of a 
discharge tube and solenoid cylinder* wore fired down the tube T. 

The rays transiuitted by the loaf were measured by the current flowing to 
earth through the galvanometer Ge, all the transmitted rays being caught by 
the cylincler I). The rays reflected from and stopped by the loaf were in like 
manner measured by the galvanometer Qv. These galvanometers were of the 
moving coil type, the spots of light reflected from their mirrors being 
focussed on the same scale. It was found that the instrument represented 
by G( had to be capable of measuring currents varying between very wide 
limits, since with slow rays incident on the leaf only a very small number 
are transmitted, while with fast rays a far greater number are able to 
penetrate. 

For this reason a very sensitive galvanometer was used in conjunction witli 
a shunt of the “ Universal ” type, indicated by the resistances A and B in the 
diagram. With this arrangement currents down to 10~“ ampbre could be 
conveniently measured. 

For the purposes of these experiments only the relative values of the 
currents i and t registered by the galvanometers Gj and Ot are required. 
Preliminary experiments were therefore carried out in order to determine the 
(actors, denoted by k in the following equation, by which the actual readings 
(with various values of A and B) were to be multiplied to reduce them 
* For detaiU of this apparatus see *Boy. Soc. Froe.,' A, vol. 86, p. 324 (1911). 
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to the readings which G<, unahnnted, would have yielded with the same 
current. This was simply done by connecting up both galvanometers in 
series, ]>as8iDg the same current through both and comparing the readings of 
the two instruments with various values of A and B. 

It was found that k was a function of A and B alone and was independent 
of the rate of the coil break. 

If i and t are the readings of the galvanometers corresponding to the 
incident and transmitted currents, then of the total current incident on the 
leaf hi is transmitted. Thus, if the exponential law of absorption is obeyed 
we must have 

Tho apporatiiH of tig, 1 is by no means suited to test this law, since it is 
neoessary to take tho apparatus down in order to change tho thickness of 
tho absorbing leaf. A few preliminary experiments, however, were performed 
with diffeient thicknesses of absorbing material and cathode rays of a definite 
speed, aud it appealed as if the law were at any rate approximately obeyed. 
As an example of many experiments to test this point we may take the case 
of the transmission of cathode rays of velocity about 6 x 10* cnL/seo. through 
two and three sheets of alutniniutn. In the first case, lQgio[(t+l^)/l^] came 
out 0*918, while in the second case it was 1*568. If the exponential law be 
obeyed, then the ratio of these logarithms should be the same as the ratio of 
the leaf thicknesses. 

The logarithm ratio is 1*38, wliile the thickness ratio is 1*6. We may 
assume, therefore, that the exponential law is roughly obeyed. 

Turning now to the main object of the experimenta Meaaureraents of i and t 
were made with great care, using a definite known thickness of leaf and 
varying the cathode ray speed over the widest possible limits. 

The simplest results were obtained in the case of gold, the results for which 
are shown graphically in tig. 2. 

In this curve the ordinates are proportional to 1/v*, while the corre- 
sponding abscissse are proportional to X, or, what is the same thing, to 
logic [(t-l-^0/^^]' It is clear from this curve that over a considerable range 
of velocitieH, X is proportional to 1/v*. or that Xv* is constant 

Departure from this relation, however, evidently takes place at the point P. 
Experiment shows that the position of this point depends on the thickness of 
tlie absorbing sheet, thicker leaves involving a shift of P down the curve 
towards the origin. Now, it has been shown in a previous ptper* that the 

* Whiddington, ‘Roy. Soe. PToc.,’ A, toL 86, p. 86S (19^2). 
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loss of velocity of cathode raya in paasing through an absorbing material is 
expressed with considerable accuracy by the relation 

(V— ?;/ = nx, 

where Vo — the speed of the rays incident on a sheet of thickness a:, 

Vx — the 8X)eed of the fastest transmitted rays, 
a ss a constant depending on tho material of the sheet. 

If in tho above formula Vx is put equal to zero, thon x will be that thick- 
ness of material which can just be traversed by rays of initial speed % or, 
put in another way, x is the range in the material of cathode rays of sjieed Vq, 
the connection between the range and the speed being = a% 

This furnishes an immediate explanation of the point P in fig. 2. The 
value of the velocity v corresponding to P is connected with the thickness x 
of the leaf by the above relation, and it is thus possible to deduce from the 
position of P the value of the constant a. 

This constant, calculated from the position of P for very different leaf 
thicknesses, shows little variation and agrees quite well with the results 
given in the paper already referred to. A table of results showing the values 
of a for different materials is given later. 

Fig. 3 shows the shape of the curve in the case of copper. In this 
case there is also a linear part in tho curve, limited however at both the 
high- and the low-velocity ends. At the low-velocity end the point P 
occurs as in the case of gold, and at the high-velocil^ end there is, in addition, 
VOIi. LXXXIX. — ^A. 2 X 
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a point of infleotion Q. The position of this point does not appear to depend 
on the thickness of the absorbing leaf, unless, of course, the thickness is so 
great as to make P approach too near it After the point B has been passed, 
the curve i^in tends to become straight, and, if produced, passes at any rate 
very nearly through the origin. Thus it is apparent that over the greater part 
of this curve, over the range of velocities included between the points P and 
Q, Xv* is not constant. 



It is of interest to notice that the point P corresponds to a velocity of 
6‘2 X 10* cm./sec., which is almost exactly the speed of cathode ray required 
to excite the radiation characteristic of copper. The copper type of curve is 
exhibited by every other metal examined in dehtil, viz., aluminium, silvm;,and 
platinum. Gold stands alone in furnishing a simple straight line passing 
through the origin. The kink in the curves for the metals other than gold 
cannot be definitely ascribed to the excitation of the characteristic radiation 
of the element, since aluminium and platinum both show very well marked 
kinks in positions which have no very certain connection with the 
excitation velocity. Cionsiderable trouble was experienced with tin as an 
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absorber. Very irregular results were obtained, it being found quite 
impossible to repeat observations to any degree of accunicy. It was 
ultimately noticed that tlie portion of leaf struck by the rays became 
extremely thin under the action of the rays, being apparently volatilised ; 
in fact, bombardment by cathoile rays in the case of tin would appear to be 
a convenient method of preparing thin films of this metal. 

TJie equation to the linear part of the curve of figs. 2 and 3 is 



The following Table I gives the values of h and « for the metals examined. 
From this table tlie value of X for any speed less than that corresponding to 
the point Q (vq ) can be calculated. The last column gives the thickness of 
leaf experimented with. 

Table I. 


Ahaorbor. 


I*. 

rq. 

Leaf thickness 
in cm. 

Al 

4-70kIO« 

^ 20,000 

fl •47x10" 

JO -4 X 10-» 

Cu 

I 7B0»J0“ 

- 27,200 

6-2 xJ0» 

2 ‘za X io-» 

Ag 

ll’4axl0« 

- 6,000 

>0'O xlOI>* 

1 1 -92 X 10-* 

Au 

U-28k10« 

0 

>9 0 xlO" 

1 3 -26 X X0-* 

Pt ... 

10-20xl0« 

- 4,300 

6 -83 X KJ" 

1 2 -04 X IO-‘ 

1 i 


* There is some uiiM'rtairity about the value of for Ag. 


Table II gives the values of tlie constant a calculated from the position of 
the point T. The last column gives a/p*, which is clearly nearly constant. 


Absorber. 

Table IT. 

i “• 

1 

P- 

a/ft. 

Al 

7-8X10*' 

2*7 

4‘3SxlO«" 

Sn 

14'0x10«> 1 

74 

6-40xl0» 

Cu 

16-SxlO<» 1 

8-9 

6-4 xl(V» 

Ag 

lfi-0xl(H5 j 

10 -6 

C-a xX(>« 

Au 

25 -4 X 10“ 1 

19-3 

6-7 xlO** 

Pt 

28*9xl0“ 1 

21 -6 

8 -2 xJC« 

— — . _ - 

- ' 


_ _ 


The relation expressing the change of speed suifered by a-rays in their 
passage through matter is 

i-u"— r,» SB (U‘, 

where the symbols have the same significance as in the similar formula for 
the cathode rays. Now a in this case is proportional to the stopping power 

2x2 
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of the material for the rays. It follows from this that a'fAi is constant,* 
where A is tho atomic weight of the absorbing material. 1 hope in {t future 
paper to discuss these results and their bearing on some experiments which 
have been carried out on the absorption of cathode rays in gases. 


The experiments shortly described in this paper indicate that tho law of 
Ijonard stating that the absorption coefiioieut of cathfxlc rays passing through 
thin metal sheets is connected with their s^^ed by the relation s constant 
is not generally true when \ is determined from the number of rays incident 
and transmitted. The alternative formula 



is shown to represont the facts closely within certain limits of velocity. 

It appears that the lower limit of velocity is dependent only on the thick- 
ness of the absorbing sheet, while the upper limit is detennined by tho nature 
of tho metal. 

This upper limit in tho case of copier screens corresponds exactly to the 
speed of ray required to excite the Kdutgen radiation (K series) characteristic 
of copper (Curve 3). This is probably a coincidence, as the upper limit in 
the cases of other metals does nut correspond to the excitation of a charac- 
teristic radiation. For gold screens the upper limit was not reached, so that 
for this metal the constant c is xero and therefore Lenurd’s law is obeyed 
over a considerable range. 

The lower limit of speed provides a ready means of determining the 
constant a in the relation 

= ox, 

determining the variation in speed of the rays traversing the absorbing sheet. 
Table II shows the approximate constancy of the ratio afpi, where p is the 
density of the absorber. In the parallel case of the a-rays the ratio a'/ A* is 
constant where A is the atomic weight of the absorber, and a ' s aA/p. 

I have pleasure in thanking Prof. Sir J. J. Thomson for his interest in 
these experiments. 

* a' » aAlp, a being proportional to the "stopping power" and a' to the "atomic 
stopping power." 
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The Variation with Temperature of the Specific Heat of Sodium 
in the Solid and tike Liquid State ; also a Determination of its 
Latent Heat of Fusion. 

By Ezkr Grifkitiis, 15.Sc., Fellow of the University of Wales. 

(Communicated by Dr. E. H. Griffiths, F.RS. liecoived November 2G, 1913, — 

Bead January 29, 1014.) 

liilroduchoit. 

The present i>aper contains tlie results of an irivostigatiou into the variation, 
with temperature, of the B]>ecific heat of sodium in the solid and the liquid 
state ; also, some determinations of its latent heat of fusion. 

Our knowledge of the variations of the specific heat of metals in the region 
of their melting point is extremely vague and hypothetical, .since the methods 
of investigation commonly employed are only capable of giving tlie mean value 
of the specific heat over a considerable range of temperature. 

In the present work the range of temperature was approximately 1’5° and 
the series of experiments at a specified teiniK3rature give the absolute value of 
the specific heat at that temperature, without any assumption concerning 
the value at another point. Furtlier, the use of a small temperature range 
renders possible determinations of the s{>eciric heat at tem]>eratures close to 
the melting point ; in fact, determinations were made with the middle point 
of the range only 2° below the melting point. 

The element sodium was chosen for iuvestigjition, on account of its low 
melting point, as well as tho ease with which it could be obtained in quantities 
and of tho requisite purity. It was necessary, however, to devise moans of 
preventing oxidation and this was accomplished by enclosing the sodium in 
a sheath of copper of special fonn. This copper case farther served as a 
containing vessel for tho sodium when in the molten state. 

ConsinictioYi and Pilling of the Case . — ^The enveloping sheath of copper was 
so designed that in outline and general dimensions it was similar to the blocks 
of various metals used in a previous work.* 

Several attempts were made before the difficulties of construction were 
satisfactorily overcome. Molten sodium dissolves soft solder (50 per cent. 
Sn and Fb), consequently cases with soldered seams failed. 

A case was constructed of thick copper foil, the seams of the tubes and 
case being doubled back and closed. This case was filled with molten sodium, 

* “The Capacity for Heat of Metals at DiiTerent Temperaturoa," by Dr. £. H. 
Griffitha, F.R.S., and Ezer OriffithB, * Phil. Trans.,' A, vol. 213, p. 119 (1913). 
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and after solidification the bottom wan prosued on and soldered, Uie solder 
not coining into actual contact with Uie sodium. 

One series of experiments at 0° were performed with this block and it was 
then discaitled, as the seams were not air-tight and the soldered bottom could 
not withstand high temperatures. 

It is worthy of note that the mean value of the specific heat at 0^ from this 
series, namely, 0*2864, agrees very closely with the value 0*2863 obtained 
from the second block which was used in all the determinations at tho higher 
temperatures. The results of the individual experiments are given in Table V, 
p. 671. 

In fig. 1 is shown the final design of the copper case together with the 
apparatus used when filling it. 

The exterior walls W wem made of two spun copper vessels, the circum- 
ferential scam SS l>eing silver soldered. 1'lie tubes IT and T, which were to 
contain the heating coil ami platinum thermometer respectively, were of solid 
drawn copper tubing, closed at the lower ends. These tnlx^s were silver 
Holdei'od to the top of the case. A small tube in the bottom at P enables the 
case to be filled, and this was iiiially closed liy a scrow-on ca]). 

The weight of the case* comiilete was 150 grin, audits oapicity 386 c.c. 

The method of filling this ciise was to molt tho sodium in vacm and force 
the molten sodium into the case under the prcssui^ of the atmospliere, by 
slowly admitting air to the exhausted enclosure. 

The case was fixed n rider the kdl-jar in tlic muniior shown, the thermometer 
serving as a guide to keep it vertical. Around the outside of the iron 
vessel K, containing the sodium, was wound a heating coil of nichroino wire, 
insulated by asbestos fiapcr, the loads being led out through the base. Tho 
interior of the bell-jar was connected to a Geryk pump which was set 
going for some time before tlie sodium was molted. Care was taken to ensure 
an unobstructed passage during exhaustion to the air contained in the case, 
and the figure represents the conditions prior to melting. 

On the sodium attaining the molten state, the case slowly sank by its 
weight, some of the molten metal entering by tho tube P. The heating was 
continued until the inner tube was at a temjierature of at least 20* above 
the molting point, when the pump was stopped and air slowly admitted. 

Molten metal from beneath the oxidised surface was forced into the case 
aud the block was thus composed of sodium practically free from oxide. 
When the metal had solidified, screwing the small cap on P completed the 

* The spocific heat of copper and subsidiary Bubstances, together with their variation 
with temperature, had been previously detennined, loe. cit. 




JMermmatvm of the Specific Heat at Vai'ious 2'eviperaturea. 

(a) Method . — The method of experiment and the various precautions taken 
to eliminate souioes of error have been described in detail in the paper 
previously mentioned ; here it is only neoessaty, therefore, to indicate the 
procedure and the method of reduction, which was practically the same as 
that previously adopted. 
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The block was suspended by quartz tubes in an enclosure in a stirred oil 
tank. The temperature of this tank could be maintained at any desired 
point for long i)eriod8 by a controlled electrical heat supply, the oscillations 
in temperature being of sliort period and less than l/SO*’ in magnitude. 

An experiment was carried out as follows : — 

The block was cooled about 3° below the surroundings, the current was 
then switched on to the lieating coil and aciyusted until the potential 
difference at the ends of the coil was balanced against the E.M.F. of a 
number of standard cells in series. 

Wlien the temperature of the block had risen to about 0'7° below the 
.surroundings, observations of temi)erature and time were commenced, each 
transit of the tcnqiorature across successive bridge wire divisions (approxi- 
mately 1/14°) being recorded on a chronograph tape and the observations 
continued until the temi)erature had risen to about 0 7° above the surround- 
ings. The time taken to travowe a bridge wire division increased pro- 
gressively as tbo temjterature rose, on account of the gain or loss due to 
radiation. 

From the data obtained, the values of the rate of rise of temperature, 
30/3/,* at the corresponding values of 0 can \ye calculated. The value of 
dO/dt at any point is the sum of two terms: the one due to the electrical 
supply and the other due to loss or gain by radiation, etc. 

When the temperature of the block crosses the surroundings (at the 
loss or gain by radiation vanishes, hence the value of dO/dt at 0^ corresponds 
to the electrical supply alone, and, having deduced it, the specific heat can be 
calculated from the well-known expression 


(»w+MS)^ = 


w»E» 

JIV’ 


where Ib the valae of d^/d^ at 6 ^, and is calculated from the equation 

of the Htraight line representing the relation between the obnerved values of 
90/df and 0 . 

The temperature 6 is measured relatively to the companion differential 
thermometer fixed in a duplicate block (contained in a similar enclosure 
immersed in the tank), the temperature of which is not disturbed during a 
series of experiments. Thus tlie position corresponding to on the bridge 
wire should be the same at all temperatures of the tank if the arrangement 
was perfectly symmetrical. Actually, the position of 0 ^ on the bridge wire 
varied slightly with the tank temperature, the extreme variation from 30° to 


* Where 00 is the value of 1 bridge wire in * Pt. at the point and at the tiiM taken 
to traverao thie Ividgc wire diviriou. 
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140'’, however, only amounted to about O’OS® At each temperature a series 
of experiments were performed, in which the mte of energy supply was varied 
by balancing 4, 5, or 6 standard cells in series. 

This variation in the rate of supply affords a severe test of the accuracy of 
the work, and, moreover, the results of the experiments with different rates 
afford a means of calculating* the position of 

To determine 0s directly reciuires that llio block should luive com])letely 
settled to the teniperatim^ of the surronmlings — a process rt'qniriug several 
hours, owing to its asymptotic nature. The cuhnilated position of 0s generally 
agreetl very closely with the observed value, hut where e\ijerimental errors 
at the higher temperatures caused a ilivoi'gencc the ohst^rved value was 
adopted. 

The temperature of the tank for each smies was determined by a platinum 
thermometer and reduced to the nitrogen scale. 

(b) Sources o/ Error . — In measuring specific, heats near the melting point it 
is accessary to ascertain whether the conditions admit of the fusion of 
minute portions of the solid hy the measured enei'gy supply. An error of this 
kind wouhl seriously vitiate the results on account of the magnitude of the 
latent heat of fusion. In the case under consideration, when the electrical 
supply was on, the inner core of the block around the copper tube containing 
the heating coil was the region of highest temperature, and a steady gradient 
existed across the block. Au approxiiuat/O estimate of this gradient can be 
mode by assuming the block to be equivalent to a long cylindrical shell and 
applying the well-known expression 

where I, the length of the cylinder, iH approximately lo cm. 

)'a, the radius of the outer surface, is approximately 3 cm. 
i'l, the radius of the inner surface, is approximately 0*55 cm. 
k, the thermal conductivity, is not known, but the value of lead, 0*08 
(probably an extreme value), may be taken as a rough approximation. 
Q, the rate of energy supply, varied from 0*1 1 to 0*43 calorie per 
second. 

Hence $i—0a varied from 0*024° to 0*097°. 

Thus, with the heaviest rate of enei^ supply — that due to a potential 
difference of 6 Cd colls — the difference in temperature across the block did 
not exceed one-tenth of a degree. 

Apart from this estimate, which involves many assumptions, there is strong 


* See ‘fbil. Tnuiii.,’ 1913, p. 140. 
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internal evidence from the experiments themselves that no perceptible error 
due to this cause existed, for we should expect that the experiments with the 
higher rate of supply would be more affected than the slower rate and, 
consequently, give high values for the specific heat. 

Taking the results of the series with the mid-point of the range 2" below 
the melting point, we have the following values for the specific heat deduced 
from the different rates : — 

0'3260 from the 4 Cd cell rate. 

0-3254 „ 5 

0'3260 (mean) 6 „ 

The rate of supply in these experiments was as 16 : 25 ; 36. Hence the 
marked increase in the specific heat (see fig. 2) as tlic melting point is 
approached is not due to errors of experiment. 

Jiemftx. 

A remarkable feature of the specific heat values in the solid state is their 
dependence on the nature of the previous heat-treatment of the metal. 

Discrepancies which might at first sight be ascribed to errors of experiment 
were proved to be of real significance by the fact that the specific heat values 
in the liquid state could t)e reproduced to within a few parts in 10,000, after 
the most varied heat-treatment, while differences of as much as 2 i)er cent, 
were encountered in the solid state. 

The importance of this point was not sufficiently realised in the early 
determinations and a large number of otherwise excellent experiments Iiave 
been rendered worthless through lack of attention to the precise nature of the 
previous lieat- treatment. 

It was found that a slow cooling of the block from the liquid state produced 
an " annealed ” condition of the metal in which the specific heat cor-responding 
to each temperature was definite and could be reproduced. A comparison of 
the dates of the determinations in Table I, which summarises the results for 
the annealed state, will indicate the extent to which concordant results could 
be obtained on repetition under similar conditions. 

For example, on completing the series of August 8, giving the value 
0*2963, the block was taken out, heated up to 100° and allowed to cool 
rapidly in air. The value then obtained for the spooifio heat was 0'3014. 
Again heating to 100°, and allowing to cool very slowly, gave the value 
0'2963, identical witli the value previously obtained for the " annealed ” 
state at the same temperature. Most of the determinations recorded in 
Table I correspond to a rate of cooling of the block from the liquid state of 
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oortainly less than 4* per hour, which was the rate of fall of the outside tank 
from 100° to 86° 


Table I. — Annealed ” State. 


Teuip. 

Date. 

No« Ctl cellft. 

Spooific heut. , 

Mean. 

0 





0 

Aug. 30... 

4 

0 ‘2886 

, 



5 

0 

0 *2838 { 

0*2820 

0 ‘28*29 



i> 

0 ‘2826 


3S-82 

Aug 10 

4 

0 2011 




5 

6 

0 ‘2010 

0'3039 

0 -2910 



6 

0 *2893 


49*S8 

Aug. 8 . . 

4 

O‘30r>4 




4 

0 ‘2962 ! 




6 

6 

0 -2061 1 
0 -2006 

0-2963 



r, 

0 -2961 




(I 

0 ‘2966 


4» 27 

Aug. 16 . . . : 

4 

0*2940 




O 

U *2049 

0 *2963 



<5 

0 -2064 


40-07 

Aug 17 . ’ 

li , 

0-2963 


1 

Aug 20 

6 

0*2945 

0-2950 

1 

, 

(1 

0*2942 


: 67 -70 ; 

Aiig 21 

4 

0*3014 




6 

0 *8037 




5 

0 *8018 1 

0*8019 



0 

0*8010 


1 


fi 

0*8018 


1 70 16 

Aug. 22 . ... 

4 1 

0‘3Q83 


i 

6 

0 

0 3086 

0*3086 

0‘3083 

i 

1 


0 

0 *3070 ; 


86 66 

Aug. 16 ... 1 

4 

0*3168 1 



! 

6 

0*3181 1 



{ 

5 

0*8166 

o*am 


1 

0 

0*8178 


1 

1 

6 

0 *8160 


90-03 ! 

Aug. 2;} . . . . 1 

4 i 

0*3209 1 


! 

6 ! 

0*3308 1 

0*3208 

0 *8209 

I 

1 


6 i 

0*3210 


05*68 ! 

Aug. 24 ' 

4 

0*8200 


j 

1 

f 

6 

0 3264 i 

0*3268 

1 

1 

1 

i 

6 

0 8260 



In Table II are summarised the results of a number of determinations of tlie 
speoifio heat after the sodium had been rapidly cooled from the liquid state. 



5G8 


Mr. E. Griffiths, Vartaiion of the Specific 

The previous heat-treatment was as follows ; — 

The block was heated in an oil bath to 130® and then rapidly transferred 
to a vessel of ice-cold water. This condition of the metal will be termed the 
“ quenched state in subsequent pages. 

The determinations were iiuule starting from the lowest temperature (0® C.) 
and progressing in steps up to 94°. 

It will be observed that the complete scries occupied several days and some 
annealing may have taken place at the higher temperatures. It is now 
proposed to investigate, by a new method, the changes with time due to slow 
annealing and also the relationship between crystalline structure and specific 
heat in the case of other metals besides sodium. 

Table II. — Quenched** State. 


Temp. 

Date. 

Xo. Cd 

SpociOe heat. 

Mean. 

1 

0 

Aug. 29 

i 

0 -2802 



5 

0 

0-2874 

0 2H64 

0-2870 



i\ 

0 ‘2862 


40 -IC 

Aug. 30 


0-2978 



5 

0-8002 




6 

0*2963 

0-2981 



0 

0-2992 




0 

U*29S3 


68 ‘00 

Aug. 31 

4 

0 -3024 



5 

0*3049 




0 

0 *3073 

0*8040 

08*00 

Sept>. 2 . 

4 

0 *3^4 




0 *3820 1 




6 

0*3038 


; 82 16 

R«^pt. 3 . 

4 

0*3087 



5 

0 

0*3094 

0*3096 

0*8080 



6 

0*8079 


04 02 

Sept. 4 

1 

4 

0 *3196 



6 

fl 

0 *3218 

0 -8192 

0*8200 

1 ! 


0 

0 *3200 


1 


L_ 

. 




As might be anticipated, the specific heat corresponding to each tempera- 
ture in the molten state is definite and independent of the previous heat- 
treatment. The values arc collected in Table III. The relation between 
the specific heat and temperature is practically a linear one over the range 
of temperature investigated, and it is noteworthy that the temperature 
coefficient of the specific heat, —0*00034 per degree between 100® and 140®, 
is very similar to the value for mercury, —0*00030 between 0® and 40®. 



Hmt of Sodium in the Solid and the Liquid State. 569 

The determinatiouB were nut done conHcciitivoIy, the aeries at 103° being 
carried out on July 19, while the adjacent series at 101° were done subse- 
quent to a considerable number of determinations (after various heat- 
treatments) in the solid state, and it is leiuarkable that the two values 
0'3232 and 0*3234 differ hy exactly the quantity reqninxl for 2° difference 
in temperature by the coefficient of decrease in specific heat in the molten 
state. At higher temperatures the experimental errors were more pro- 
nounced, and the mean values of several experiments with each rate wen: taken. 


Table Til. — Liquid State. 


Temp. 

Date. * 1 

1 

No Ccl cellK. 

Spot ‘1 Hi' heat 

Moan 

0 





100 '81 

Aug. 14 

1 

i 

1 

4 

0 '3237 



5 

6 

0 '3226 

0 *3227 

0 *.32.34 


I 

1 

U 

0*3246 


103*09 

July 19 

4 

0 3232 



5 

0 *3232 




5 

0 '3232 

0 *3232 



i\ 

0 -3221 



■ 

( 

0 

0 3242 


117-08 

July 20 ... 

4 

0 -3218 

1 1 


5 

0-3206 

1 1 



5 

0 *3224 

0-3217 



0 

0'321H 

1 

i 

1 1 

1 

0 

0 -3218 ' 

f 

127 '63 i 

1 

July 31 and Sept 6 . 

4 

' 0 *3107 

i i 

1 

1 

6 

0*8205 

0*3205 



6 

0*3212 

' 

188-47 

July 80 ... 

4 

0*3185 



4 

0 8204 




6 

C 

0 -3183 

0*3167 

0 *3189 j 



0 

0*3206 

1 



0 

0 *3193 

1 1 


Fig. 2 represents the results graphically. The relation between the specific 
heat and temperature in the “ annealed ” and molten state is shown by the 
fuU lines. 

The broken line represents the results of the determinations after the 
sodium had been “ quenched.” The metal is probably unstable in this state 
near the melting point, and consequently the specific heat would be a function 
of time as well as of temperature. 

In the early part of this paper reference was made to the fact that 
experiments were conducted at 0° with two different samples of sodium. 
As the methods of construction and the quantities involved were different 
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■ > Temperature ^®Cenf“> Melting Mnt 

Fio. 2. — The Variation of the Specific Heat of Sodium with Temperature. 
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in the two cases the reaulta are of inlpoTtanC(^ inasmuch an they indicate 
the absence of any serious systematic error. The hcat-treatinent in both 
cases was somewhat similar, the sodium being allowed to cool freely in air 
from the molten state. 

Sample A refers to the bhK5k constructed with lapped seams and soft 
solder. This case was tilled by pouring in molten sodium from an iron kettle. 

Sample B refers to the block constructed fn»m spun copper vessels and 
filled in vamo with Kahll>anm’s sodium. 

Table IV. 


1 

( 

t 

Sample A. 

1 

Sample B. 

Mass of sodium .. .. 

340 *06 grm. 

366 *04 grm. 

„ ooppar 1 

„ Mft wider 

87*54 „ 

154 ‘3 „ 

4*37 „ 


Volume of oil around heating coil < 

8 *08 0.0. 

S ‘5 0.0. 

1 Rtfsistanre of heating coil ... .1 

30 *634 ohms 

20 *028 ohms 


The values of the B]>ccifio heat calculated from the various rates are given 
in Table V. 


Table V. 


— - 

— 




— - 

Sample. 

Bate. 

1 No. Od cells. 

Speoifle heat. 

Mean. 

A 

' April 7 . . . 

1 

! 

. 1 3 

0-2S6X 



4 

0*2868 



1 

I 

5 

0-2866 

0 2S64 



1 5 

0*2864 



1 


0*2868 


B 

j 

' June 4 

4 

0-2804 




1 5 

0 2871 



» 6 

1 

; 8 

i « 

0*2862 

0*2855 

0*2863 


n 6 . 

.. ! 5 

0-2864 




0 

0*2863 



The mean value of the specific heat from the above two series is inter- 
mediate between the values at 0° for the “ annealed and the •* riuenched ” 
states I'espectively (see Tables I and II), and it is noticeable that in both 
cases the sodium had received heat-treatment of an intermediate character. 
Several determinations were made at temperatures between 88® and 94° 
after a somewhat similar heat-treatment, and the same feature is common 
to all, the values falling between the extremes correBiK>nding to the 
'* annealed ” and the " quenched " states. However, in the case of two series 
at 66® and 81® the values were distinctly tiigher than those coTresponding to 
the *' quenched ” state ; much weight cannot be attached to these two series, 
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as tliey were the first performed at the higher teinperatui*eH when the 
thenuostat was not working properly. 

IMm'minatiofi of Uie Latent HefU of Fusion 
Hie following is a brief description of the methods adopted for deteritiiuing 
the latent heat of fusion ; — The platinum thermometer in the sodium block 
was disconnected from the diiferentiul arrangement used in the specific 
heat work, and directly connected to a Callendar and Griffiths’ resistance 
bridge. The freezing j)oint was first cletermined by the cooling curve 
inctthod, the usual undercooling and siqK^rfusion being traced, and the 
freezing point fouml to be 97*61° C. The tank temperature was then set 
and controlled at a temperature of approximately 0*8® below tlie melting 
point. Tlie teinporuture of the Hodium block was lowered several degrees 
below the surroundings, and a heavy rate of electrical supply switched on to 
the lieating coil and maintained constant. 

Observations of temporatui’e and time were taken right up to the melting 
point; near the melting imint the rate of rise ra]iidly decreased to zero. 
The transition from solid to liquid took from one and a-lialf to three hours, 
according to the rate of supidy. When tlw5 sodium had been converted into 
the molten state tlic temperature again rose steadily, and the observations 
were continued until a sufficient number had been obtained, then the 
electrical supply was switched off and the cooling curve taken. 

From the time-temperature observations in the solid and liquid states it is 
easy to deduce, grapliically or by calculation, the total time required to 
convert the sodium from solid to liquid, assuming the process to commence 
and cease sharply at the temperature corresponding to the melting point 
The rate of cooling at various temperatures supplies the data for computing 
the rate of loss of heat due to radiation, etc., during the time the sodium was 
melting. Table VI summarises some of the more important data for two 
experiments done on separate occasions. 

A variation of the above method is to determine the total quantity of heat 
icquired to raise the temperature of the block from about 90° to 106°. 

An experiment by this method, using a 12-cell rate and the surroundings 
at 96*8°, gave the value 27*7 for the latent heat. The method is not so 
accurate as the previous one, since the corrections for losses by radiation 
during the latter part of the experiment become of serious magnitude. 

It is interesting to observe that an approximate value of the latent heat 
can be deduced from the cooling curve alone, without any measurements of 
energy, provided the thermal capacity of the block and accessories can be 
calculated from the specific heats. 
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Table VI. 

Mass of sodium = 3G6‘04 grin. Thermal capacity of sodimn, case, oil, etc., at 
these temperatures (calculated from the specific heabs) =s 143*72 grm.- 
calories. 



Kxpfc. 1. 

Kxpt 2, 

Numbor of Bfcandanl cella balanced 

0 

12 

Beeietonce of ooil for Uiis mte of energy supply* 

20 0206 

20*6132 

Deduced time of melting 

10,928 svcrt. 

6,978 sees. 

Bate of cooling for this cempi’Mit lire . . . ,| 

O *00036® per "lec. 

0 *0003.^® per spo. 

Latent heat 

27 *64 grm.-calH. 

27 50 grm.-cals 


* It in to be remembered that at thii temperature man^auiu has a negative temperature 
coefficient of rcftiftiance, hence tlie beating effect of ti\e current lowers the value of the reiintance. 


From the time- temperature curve the total time Uken to pass from liquid 
to solid can bo deduced. From the observed values of the rate of cooling at 
various temperatures, the loss of heat per second at the temperature of the 
melting point can ho calculated, and this, together with the thermal capacity 
at various temperatures, is all that is necessary f(»r an estimation of the latent* 
heat. 

But one experiment was made by this method, as the observations were 
very tedious, the process of solidification alone occupying hours and the 
complete experiment necessitated the counting of a tape 800 yards long, with 
about 29,000 seconds marks. 

The duration of the experiment could be shortened by increasing the 
difference in temperature between the Burrouudiugs and the melting point, 
which in this case amounted to only 8®, but this would render the accurate 
determination of the rate of cooling at tlie higher temperatures more diflicult. 

The value deduced for the latent heat by this method was approximately 
27*1 grm.-calories. 

The mean value from the first method is undoubtedly the most reliable aiul 
the latent heat may be taken as 27*52 grm.-culuries. 

My thanks are due to Dr, Grifliths, not only for suggestions connected 
with this inquiry, but also for practical assistance in certain of Lheexpsriments. 
and to my brother, Edgar A. Griffiths, for constructing the cases and for 
constant help with the observaiiona 

ifote , — This investigation must be regarded as an extension of that already 
published in *Phil. Trans.,' p. 119, 1913, and as that investigation is now 
being pursued to lower temperatures, a discussion of the theoretical beiiring of 
the work is deferred until tlie completion of the low-temperature series. 

VOL. LXXXIX.— A. 2 Y 
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Note on the Differenm in Demityi between the Annealed and Quenclied Gotten 

of Sodium. 

After the preceding paper was written it was auggosted tiuit the densitieH 
in the two solid states should be ascertained in order to find whether the 
following generalisation was true : — 

That the denser state has the smaller speeijie heat. 

The density determinations hero referred to should be regarded as of a 
preliminary nature only, and tlie following brief description indicates the 
method by which they have been obtained. 

Two similar splierioal glass vessels (with small openings) are suspended 
in an oil bath from the arms of a short-beam balance. 

Both vessels contain sodium, the one annealed and the other quenched, 
equilibrium being obtained by adding small weights to the lighter side. The 
annealed specimen is ttien heated up beyond the melting point and quenched 
whilst the specimen previously quencheil is annealed. 

Equilibrium is again obtained, and from the difference in the weights the 
citange in density consequent on change of heat-treatment can be deduced ; 
the cycle of oj)eration8 being riq mated as often as desired. 

All the experiments indicate that sodium in the quenched state is less dense 
than in the annealed state ; and further, they consistently indicate that this 
difference is of the order of 1 part in 7000. 

It may be remarked that there is no difficulty in measuring changes of 
density of this amount by means of the differential method employed ; in 
fact, a difference of one-tenth this magnitude cun be measured. 

The experimental difficulty is to prevent chemical action between the 
sodium and any traces of moisture present in the oil. 

A point which requires consideration in connection with such minute 
differences in density is the possibility of the formation of small cavities in 
the metal when quenching. Cavities filled with the oil under which the 
manipulations are performed would, however, have no influence on the 
measurements. 

It is of interest to note that if we regard the difference of 1 part in 7000 
in the density as being due to the presence of vatying amounts of an 
amorphous modification cementing the crystals tc^ther, then the quenched 
state contains at least 0*3 per cent, more of the amorphous form than 
the annealed state. This is probably an underestimate, since the value 
of the density of molten sodium at 98^ has been assumed for the amorphous 
form. — Ja.nmry 21, 1914. 
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The X’-ray Spectra yivea hy Crystals of Sulphur and Quartz. 

By W. H, Bkagg, M.A., F.II.S., Cavendish Profeaeor of Physics in the 
University of Leeds. 

(Received December 1, 1913, — Road January 20, 1914.) 

A number of results of examination of crystals by means olt the X-ray 
spectrometer, which have been recently obtained in this laboratory, are dis- 
cussed in a paper by W. L. Bragg.* The cases which he has considered are 
those in which the information has lieen sufficient for a complete solution 
of the ciystal structure. This note de^ls with two cases, viz , sulphur and 
<£uartz, which have not been completely solved, but which have nevertheless 
given Interesting results. 

In one form sulphur is orthorhombic. According to crystallographic 
measurements of the usual kind it has three unequal axes at right angles to 
each other, whose lengths are in the ratio 0*813 : 1 : 1*903. It may be assumed 
at once therefore that the element of structure 
is based on a rectangular parallelepiped of the 
form given in the figure. The examination of 
the spectm given by various planes shows that 
the assumption is justified. 

It is convenient to say a word at this shige 
as to the method of preparing crystal planes 
for examination. Some, of course, occur as 
natural faces; several of the results given 
below were obtained from a magnificent 
sulphur crystal very kindly lent by Prof. 

Pope. Others it is necessary to cut, but tho 
operation is a very simple one. It is not in 
the least necessary that tho surface should be 
true or smooth ; for the X-rays are reflected 
by the body of the crystal and not by the 
surface. It is sufficient to rub down an yiq . l. 

ordinaiy sulphur crystal on a piece of sand- 

paper, judging the result by eye. There would bo no need to prepare a 
surface at all were it not tliat it is then more convenient to place the 
crystal correctly in its holder. Some crystals sucli as spinels, diamonds 
and rubies cannot of course be cut, and a little calculation is required 
* • Roy. Soc. Proc./ p. 466 supra, 

2 Y 2 
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if they are to be correctly mounted ; but if the mounting is difficult, and at 
first incorrect, the spectrometer readily gives indication as to how it is to 
be amended. 

The X-ray bulb wliich was used in the examination of the sulphur had a 
palladium anticathode. The ])rincipal palladium line (\= 0'676 x 10'* cm.) 
was reflected by rock salt (100) at the following angles: the references are 
to fig. 1. 

Plane 100 010 001 011 101 110 111 

OCDB OAEC OAFB AODG BOEG OCGF ABO 
Glancing angle 6'2° 515° 10*5° 5*9° 7° ? 4*07'^ 4*15" 


It is at once clear that there is a connection between these figures and the 
crystallographic ratios 0*813 : 1 ; 1*903. For example, the glancing angles for 
the planes (100) and (010) are 6*2 and 6*15. Those are in the ratio 1 : 0*83 ; 
and the spacings of these ]>lanes, or rather sets of planes, are therefore in the 
inverse ratio, or 0*83 : 1. This is very close to the ratio 0*813 : 1. It is to 
be remembered that the connection between the glancing angle 0, the spacing 
d and the wave length X is given by X = 2 ^ sin 6 ; when 6 is small, the sine 
is of course nearly proportional to the angle itself. 

Again the perpendicular from 0 on the plane ABC is 




where OA = OB = b, OC = c, 

Tlie value of this expression is easily found to be 6x0*60. Now, the 
glancing angles of the planes (010) and (111) are 5*15 and 4*15, and these are 
in the inverse ratio of 1 : 1*24, which is very nearly twice the ratio just 
found. 

In the same way the perpendiculars from the origin on the planes AFGE 
and BCEF are a and l/\/(l /6^+ 1/c*) ; or 6 x 0*813 and h x 0’886, These an? 
in the ratio 1 : 1*09. The angles of reflection by the corresponding planes 
are 6*2 and 5*9. These are in the inverse ratio of 1 : 1*06. 

Let us proceed, therefore, to examine the results of assuming the various 
forms of space lattice which may be associated with this figure (fig. 1). The 
choice is very limited, and the correct form is readily found to he that in 
which an atom* of sulphur is placed at each corner of the figure, and at the 
centres of the two faces perpendicular to the longer axis. Everything (as 
will presently appear) then falls into place at once, with the exception of the 


* It ia here aaaumed that there ia one diffracting centre to each atom. This aaisump- 
tion Boems to be very clearly in accord with present reaults. 
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angle of reflection by the (001) plane, an exception which is readily explained. 
Let us assume this form of lattice and proceed to calculate its dimensiuns. 
Two atoms are associated with each element of the lattice shown in fig. 1. 
Each atom at a comer is at the meeting place of eight volume elements, and 
one-eighth of it may be said to belong to each element. Hence the whole of 
these eight count as one. Each of the two atoms at the centres of faces 
belongs equally to two volume elements having a face in common, and half 
its value is to bo assigned to each element. The two therefore count as one. 
Summing up, there are two atoms to each unit of volume. 

We have now to find how many intorpenctratitig lattices there arc. 

It may be convenient at this stage to explain that the spectra given by a 
set of interpenetrating lattices are the same as those given by a single lattice 
if we consider only the positions of the first-order spectra in each case, unless 
it happens that the planes of one lattice exactly interleave those of the other. 
To make this clear, let us consider the corresponding case of the diffraction 
grating. A set of diffracting rulings, A, B, C, D, diffract light of a wave- 
length at a given angle. If an interpenetrating similar set of lines, A^ B', 
C', D', is ruled on the same grating parallel to the first, the first-order 
si)ectrum occurs in the same place as before, though with altered intensity, 
unless the second set of lines happens to fall exactly half way between the 
first, in which case it disappears and the second spectram becomes the first. 

This principle is easily extended to the space lattice. Generally, inter- 
penetrating similarly placed lattices give a first-order spectram in the same 
place as any one of the lattices would do alone , unless they arc so arranged 
that they can be derived from one another by movements involving equal 
successive translations perpendicular to any set of pianos, in which case all 
the spectra given by that set of planes will disappear except the nth, 2rith, 
and so on. 

If the translations referred to are not equal, the intensities of the spectra of 
the various orders given by that set of planes will not be the same, either 
absolutely or relatively to each other, as those given by one lattice ; but the 
position of the first-order spectrum will be the same as if there were only one 
lattice. 

Let us assume tliat there are n lattices. To every unit of volume abe 
there ore, therefore, 2n atoms; for each lattice contributes two. Taking 
the weight of the H atom as 1*64 x 10~**, the volume aie contains a mass 
2» X 32 X 1"64 X 10'** grm. = « x 104'5 x 10"**. 

The density of sulphur is 2*07, and a ssbx 0*813, eszbx 1*903. 

Hence J* x 0*813 x 1*903 x 2*07 = n x 104*5 x 10"**. 

6* = nx 32*75x10"**. 


(i) 
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The glancing angle of the first-order spectrum of the (010) planes is 616°, 
and the spacing of these planes is 6/2 for the form of lattice we have 
assumed. 

Thus 0-676 X 10"* = 6 x sin 6-16° 

= 6 X 0*0898, 
h = 6*41 X lO-*, 

/>* = 263-4 xl0-« (ii) 


Comparing (i) with (ii) it is clear that n must be equal to 8. 

fiubstituting this value for n in (i) we have — 

6*' = 262x10-“, 
h = 6*40 X 10“" cm. 

This gives the actual dimensions of the lattice of fig. 1, and it is now eas}' 
to find the relative spacings of the various sets of reflecting planes, anti 
therefore the glancing angles at which the first-order spectra should appear. 

The next table compares the values so calculated with those actually 
observed. 

Plane 100 010 001 011 101 110 111 

Glancing f Calculated... 6-35 5-2 1-33 5 85 6 82 406 43 

angle I Observed ... G-2 6-15 10-5 . 6-9 T'O 4-07 4-16 

Except in the case of the (001) plane, the agreement is quite satisfactory. 
The exception is very interesting; the angle of reflection of the first 
spectrum is eight times what it should be were there only one lattice. The 
meaning of this is clearly that the eight lattices 'are to be derived from each 
otlier by movements involving successive equal translations parallel to the 
c axis; this causes all the spectra to disappear up to the eighth, in the 
manner explained above. 

The spectra given by sulphur are all weak, particularly in the case of the 
(101) plane, and in no case have any been foiind so far of higher order than 
the first. Consequently there are no available data at present for proceeding 
farther with the calculation of the relative positions of the eight lattices. 

The analysis of the quartz spectra may be carried out on much the same 
lines as those of the preceding argument, and a briefer discussion will be 
sufficient. 

The results show, as would be anticipated, that it is necessary to use a 
hexagonal lattice, as in the figure, where It s c, IF s a, and cm ax. 1*1, 
according to crystallographic data. 
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The palladium principal ray ia i-cflected by a priam Face at a glancing 
angle 3'90'’. 


Hence 


IM = 


0-576 X 10-" 


= 4-23xl0-« 


28in^ 2x00680 

fi = IM cosec GO® = 4-88 x lO"*. 


We may take IDEFidr/'asthe elementary parallelepiped, having an atom at 
each comer. Its volume 

= caV'V2 = 111-3 X 

and since the density of quartz is 2*66, the mass associated with it 
s 2-66 X 111-3 X 10““ s= 296 x lO"". 

If » is the number of molecules associated with the parallelepiped, the 
mass must also be given by 

11(28-3 + 32) x 1-64 x lO'" = « x 99 x 10"“ 


or the atomio weight of Si and 0 are 28'3 and 16 respectively, and the mass 
of the H atom is l-64x 10~“. The value of n is therefoie 3, that is to say, 
there are three space lattices of the assumed foim, with each of which 
one molecule is associated. 

The spacings of the various sets of planes may now be calculated, and 
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thence the angles at which the palladium line should be reflected. These are 
compared with the observed values in the following table : — 


Plnne 

. £D<2e 


FDrf/ 

Gpg 

i'de 

B6e<; 

ARed 

BDF 

Observed .. 

. 3-9 

4*93 

6-60 

9-2 

8-4 

7-26 

1015 

? 

Calculated.. 

. 3-9 

4-95 

6-75 

91 

8-3 

7-3 

9-5 

? 


It is curious that so far no reflection has been found from the piano BDF, 
the plane which is perpendicular to the principal axis. 

[Note added Janimry 6, 1914. — Since this was written a weak reflection 
from this face lias been found. The value of the glancing angle shows that 
the spacing of the planes paiallel to BDF is one-third of li. This means 
that tlie three lattices can be derived from each other successively by move- 
ments involving equal translations parallel to the e axis. The result was to 
be expected.] 

Many of the planes give very good reflection, and spectra of more than one 
order, so that it will no doubt be possible to complete the analysis of the 
quartz structure eventually. Bo far, it is clear that there are three inter- 
penetrating lattices of the given fuitn for every atom in the molecule. The 
thi'ee must no doubt bo arranged as suggested by Groth, so that they can be- 
derived from each other successively by a translation equal to c/3 along the 
c axis accompanied by a rotation of 120° aliout a line parallel to that 
axis. This constitutes a screw motion, w'hich may be either right- or left- 
handed. It remains to complete the determination of the positions of the 
silicon and the oxygen lattices with reference to the line of rotation. 
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By Gborgs GREEif, D.Sc., Lecturer on Natural Philosophy in the University 

of Glasgow. 

(Communicated by Prof. A. Gray, F.R.K. Received l)eceml)er 1, 1913,— 
Bead January 29, 1914.) 

In a paper " On the Character of the Complete Radiation at a given 
Temperature,”* Lord Rayleigh disotisses the possibility of representing 
complete radiation at any temperature as an aggregation of pulses all of 
one definite type. The form of pulse assumed in the investigation is that of 
the error function so that each pulse may bo regarded us due to 

elementary impulses aimed at the same point in space under the law of 
orror, or they may be reganled as distributed in time under the same or a 
similar law. The ptdses theniselves are assumed to Ix'. similar, but nut 
necessarily equal, and their occurrence is random in the sense that velocity 
of molecules in a gas is random, that is, their numbers and intensities vary 
in such a way as to produce efiectu which are statistically steady. The 
investigation may be regarded as an attempt to derive the law of complete 
radiation by means of a summation of impulses such as are supposed to occur 
at collisions in gases on the kinetic theory. On this view collisions would 
naturally be regarded as the source of radiation, but it is unuecesRary at this 
point to restrict our ideas regarding the tyj^e of fundamental pulse by special 
assumptions regarding the mechanism of radiation. 

Some time later Mr. Charles Godfreyf obtained oxprestdons for the 
radiation from an incandescent gas, taking tlio fundamental form of pulse to 
be a limited train of regular vibrations. The gas is assumed to consist of 
molecules, with vibrators or electrons, all having the same period of free 
vibration, and the radiation is taken as a series of regular trains of vibrations 
emitted by the- vibrators in the intervals between the collisions of the 
molecules. The type of pulse here discussed is chosen as most suitable for 
determining the influence of the various lengths of free path of molecules, 
and of motion of molecules in the line of sight, in tending to produce 
broadening of the spectrum lines of the gas. The energy emitted by 
molecules of speed v, in the range of frequency n to n+dn, is first obtained, 
and an integration over the various velocities then gives the total energy in 

* ‘Phil. Mag.,’ 1889, voL S7. 

t "On the Application of Fourier’s Double Integrals to Optical Problems," ‘Pliil. 
Trana,’ A, vol. 100, p. 380 (1000). 
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the region of the spootnim considered. Thus the total radiation of the gas 
is not in question in this paper, or in the note regarding it by Lord 
Rayleigh* in ‘ Proo. Roy. Soc.,’ vol. 76, 1905, but it is clear that, if we extend 
the restricted idea of pulse used in this investigation to include disturbances 
originating at collisions of molecules, as well as regular vibrations emitted 
Iwtween collisions, and carry out the same summation of the probable effects 
due to the various groups of molecules, we ought to arrive at the law of 
complete radiation fur the gas. 

The difficulty of this line of approach to the law of complete radiation is, 
of course, that the form of the constituent pulses is entirely unknown. It 
seems to be deflnitely established, however, from the investigations of Planck, 
that the total energy radiated from a black body at any temperature is 
omitted in the form of discrete quanta of energy, all eqxial and similar. 
The existence of discrete quanta of energy in the process of emission need 
not be taken to indicate a molecular structure for cneigy, but may arise 
from the constitution of the molecule, which may l)e such that emission 
always occurs accompanied by a definite change of constitution or rearrange- 
ment of the system, involving the radiation of a definite quantity of energy. 
In this view wo virtually identify the quantum of energy with the energy of 
a pulse emitted by a molecule of the gas, and the problem becomes to 
determine the form of this pulse, so that a proper summation of similar 
pulses leads to Planck's law of radiation. The form of this pulse might 
convey some indication of the mechanism of radiation in any black body. 

At first sight it seems as if the form of pulse, with the same distribution 
of energy per wave-length at a given temperature as stated in Planck’s law 
of radiation, is all tliat is required. But tliis is not so, for the form and 
energy content of the pul^ would in this case vary with the temperature 
while the quantum is understood to be a constant. If we identify the 
quantum of energy with the energy of similar elementary pulses, a sequence 
of which oonstitntes total radiation, we must assume that their number and 
distribution in space ohaiigos with the temperature. 

The aim of the present investigation is to derive a form of pulse in agree- 
ment with Pliinok’s law of radiation at any temperatnre and to discover if 
any infonnation can be obtained regarding the ounstitntion of natural 
radiation by decomposing this pulse. The form of pulse which gives the same 
energy per wave-length as required by Wien's law has recently been commu- 
nicated to the Royal Society by Dr. R. A. HonBtoiin,f hut as the required 

* “On the Influence of CbllieionR and of the Motion of Moleculee in the Line of Sight 
upon the Constitution of a Spectram Line." 

t “The Mathematical Bepreaentation of a Light Pulse,’’ this volume, p. 389. 
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form for agreement with Planck’s law has been now derived by direct invoa- 
tigation 1 shall indicate the process by which it has been obtained. 

Oonsider the distribution of radiant enei^ per wave-length due to a single 
impulse delivered at the origin at time f = 0. It is proved below that the 
energy per wave-length is the same in the unresolved form of the pulse as 
when resolved by Fourier’s theorem, or by any dispersive medium. For con- 
venience, therefore, we may take the case of an irajmlse in a dispersive 
medium, in which V is the velocity of an infinite train of wraves of wave- 
length X, and peritxl ‘iw/iV, where /.•=s2Tr/X, and V=f[k). This makes 
available the solution fur the effect of an impulse given by Ix)rd Kelvin in 
his paper of 1887,* " On the Waves produced by a Single Im])ulse in Water 
of Any Depth, or in a Dispersive Medium.” From that paper we find, for the 
displacement at yioint w, at time t, the expression 

f = o“ f {*-</(^’)}] 


( 1 ) 


v/[T 2 

In this k corresponds to the wave-length X of the group of Fourier trains 
which predominate at point .r, at time t ; and the sign is to be chosen in the 
denominator to make the expression positive. The value of ( obtained is for 
t great, and x correspondingly great. The condition that wave-length \ pre- 
dominates at point X at time t is that 


.r ={/(*) + /./(/•)}< = Uf, (2) 

where U is the group-velocity corresponding to wave-length \ ; and the 
extent of the medium from the plane where wave-length \ predominates to 
the plane where wave-length \+dX predominates, at time t, is therefore 

(te = f { 2/(;.-) -b /./'(/.)) dk, (rft = - . (3) 


Since energy of wave motion per unit length of the niediujii is proportional 
to the square of the amplitude, the above expressions show that the energy 
of the disturbance in the range of wave-lengths from X to X+dX is propor- 
tional to dk\ or, if we express this result in the notation commonly employed 
in optics, we obtain 

Er/X = ^,(fX, (4) 

where c is a constant. 

This is the result referred to above, namely that the energy associated 
with any range of wave-lengths d\ depends only on the wave-lengths 

♦ *Roy. Soc, Proc./ vol. 42. 
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concerned, being the same at all stages of the process of dispersion as in the 
unresolved pulse. It is true for any form of initial pulse provided we snb* 
stitute an arbitrary function, ^\), for o/\*. Thus the energy per wave* 
length contained in the part of any wave disturbance in a dispersive medium, 
where the wave-length is X, is a constant determined by tlie form of the initial 
disturbance alone. Since the wave-disturbance of wave-length X moves 
with the corresponding group-velocity we see that the group- velocity deter- 
mines the rate of flow of energy at each point of the medium — a theorem 
first stated by Lord Bayleigh for an extended group of waves.* 

Consider now the distribution of energy per wave-length when the initial 
distiurbanoe is a pulse of any given form. In this case let 

f = 0. (5) 

represent initial conditions. F(a;) is understood to 1)6 practically limited to a 
region close to the origin on either side. According to the Fourier synthesis 
the displacement at point x at any later time is 

f = ^priFCa-oj^i-cos [k -</(&)}]. (6) 

The most important terms of this expression liave been given in a paper 
by tlie present writer in ‘ Froc. Iloy. Soc. Edin.,’ 1909-10.f When Lord 
Kelvin’s value of the first integral is inserted in the above, it is found 
that, for places very distant from the origin and for all the time in which 
the displacement is comparable to the first order with its maximum value, 
the value of f is 

r+<« 

{ s: A cos ^ I dsKiF (^Ti) COS tel -I- A sin 0 I <foiF (aJi) sin tei, (7) 

where A and 0 are taken from equation (1) above. We might choose F(a!) 
either as an even or as an odd function, and in any case it is convenient to 
distinguish the two types of initial pulse, namely, those satisfying the 
equation F(a:) = F(— ®) and those for which F(»)=s — F(— ®). For the even 
type, by an application of the process applied above to the single impulse, 
we obtain, for the energy associated with the range of wave-lengths X to 
X-|-<fX, the expression 

E rfX = ^[jMC*i) costeij ; (8) 


* ‘ Theory of Sound/ voL 1, Appendix. 

t ** On Waves in a Dispersive Medium resulting from a Limited Initial Duturbanoe.'* 
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and for the odd type we find 


ErfV = sin J. 


The value of E whieli ia required in either case for PIauck*8 law is 


E = A . 


so that the condition to be fulfilled by F (iw) is contained in the equation 

f (.n) cos kri = X“‘V2c“^a/2xT ^ -4 
J -oo sin 


^ -« sin tel 

-„ro 2.4.C...(2«) ^ 

unity being coefficient of the term n = 0. 

Each term on the right is of the form Express tliis in the ft»rm of 

a Fourier double integral 

— i f f 4z; f dzT^e''^ (&—«), (12) 

^ Jo Jo 

and perform the integration with res}>ect to z. The result is 

(13) 

where d =s tan*'(a;/«). It is unnecessary at present to find the values of 
tliese integrals separately, inasmuch as they can be derived by realising the 
complex expressions 


cos 


r* sin fee 


and it is thus clear that the even funotion required for agreement with any 
term of Planck’s expression is 

V/ --w- COB 4 ^ 






and the odd function is 


with 0 = tan”^ (»/«)• 

The complete expression for a pulse with energy per wave-length as in 
Planck’s law is, omitting constant multipliers, 

f («.*)+ if (3«-®) + •••+ f + 1) +etc. ; (14') 
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or as we may write it to show more clearly how it depends on T, the absolute 
temperature, 

"■* 1.3.5 ...(2w—l) 1 f./ Ca X \ 

Jo 2.4.6... 2» ‘ (2n+l)«*‘\2T*(2»xl)/‘ 

A diagram of the form {(a, x) has been given in Dr. Houstoun’s paper 
referred to above. 

In applying results obtained above to a gas we must obviously suppose 
the radiation from the gas to be restricted to the direction of x. Also, as it 
may appear artiQcial to represent the aggregate radiation by a displacement 
form extending throughout space, it is important to remark tliat the 
constituent pulses which we have assumed might equally well have been 
taken as distributed in lime according to a similar law so as to give the same 
aggregate effect. 

Let us now consider how the above pulse may be decomiMwed into 
constituents of some simpler form. This may be possible in several ways, 
but if we take the terms similar to {(<;»/ 2 T, a!/(2n+l)) and express each as 
an integral in the manner indicated below, the results admit of simple 
interpretation belonging to the kinetic theory of gases. Thus we can write, 
as in (12) and (13) above, fur the even function, 

f (“.») = 

and if we replace z in this expression by we obtain 

f («, «) = j cos aw* dv. (16) 

The meaning of this is that the composite pulse obtained in (14') above 
may be r^rded as the aggregate effect of simple wave-trains emitted by the 
various groups of molecules in the gas obtained by arranging the total 
number according to speed at any temperature. In the single term con- 
sidered in (16) the effect due to molecules whose speed lies between v and 
v+(fv is evidently proportional to «”••*»* cos aw*(ii>. The value of « is <^/2T, 
where Cs is taken from Planck’s formula, and we have therefore (by intro- 
ducing a suitable constant with v* in (15) above) e~’‘^^dv proportional to the 
number of molecules whose speeds lie between v and v-t-d« at any tem- 
perature. Thus the displacement form which represents the contribution to 
the total radiation made by the n molecules in the group (v, v-^dv), at any 
temperature, is given by 
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f =s COS xc^ilv 4- i c-^'* + g*""***’ + • • ■ 

I ““ -1 ^ _ Mil 4. I \ af- ■ i 1 

2.4.6:..a. ' 


6-“*Vrfy 


cos ccv\ 


(17) 


We have tlius arrived at a form of pulse which rejiroseuts complete 
radiation at all temperatures, and the statistical relation between it and 
the harmonic conatitueuts of the radiation emitted by the various groups of 
molecules. Meantime fuller discussion of the above is reserved fr>r a later 
paper. 


On the Temperature Variation of the Photo-elantic Effect 
in Strained (rlass. 

By li. K G. Filon, M.A., D.Sc,, F.K.S., Qoldsmid I'rofessor of Ajiplied 
Mathematics and Mechanics in the University of London. 

(Received December 30, 1913, — Road January 29, 1914.) 

1. The object of this invostigation was to determine in what manner the 
stress-optical coeflicients of glass vary with change of temperature. The 
method of measuring the stress-optical coefficients was the one described 
in * Proo. Roy. Sac./ A, vol. 83, pp. 573 et seq,, but the following mollifications 
were introduced for the special purpose in view. 

2. The glass slabs were enclosed in a double-walled copper chamber. In 
the space between the two walls a constant circulation of steam could 
be maintained. Two windows of plane parallel glass in the front and 
back of the chamber allowed light, previously analysed by a grating, to 
traverse the slabs and to be focussed in a spectrographic camera. 

The plan and front elevation of the chamber are shown in fig. 1 

Apertures were provided in the sides of the chamber to allow long wooden 
arms, by means of which bending moment without shear could be applied 
to the slabs, to project outside. As a certain amount of free play had 
to be allowed to these arms, the apertures could not be made close-fitting 
or packed tightly with cotton wool. In order to prevent draughts and 
loss of heat, thick felt pads Fi, Pl^ Pa» P/i wore fitted round the arms 
at the exit and entrance to the apertures as shown in fig. 1. Tliis 
practically closed the apertures while allowing the arms free motion, and the 
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friction of the couUI bo neglected in comparison with the other forces 
applied. 




An arrangement of partitions (not shown in tlio figure) inside the double 
wall ensured that steam circulated evenly through every part of the hollow wall. 

A thermometer T passed through a cork in the roof of the chamber, 
its bulb being between the two slabs just outside the path of the rays of 
light. When a steady state had been reached inside the chamber, the reading 
of this thermometer was assamed to give the temperature of the glass slabs. 

Under the circumstances it was impossible to avoid a fairly large loss 
of heat through the various apertures. Nevertheless a steady temperature 
of 91° to 94° C. was always attained, and the definition of the spectrum 
after passing through the slabs showed that there can have been no serious 
inequalities of temperature inside them. 

3. The correction for tlie prismatic shape of the slabs induced by flexure 
was allowed for, as explained in the paper referred to, by immersing the 
slabs between two layers of oil. The use of oil of cedarwood, which was 
employed previously, had to be discontinued, as it was found to coagulate at 
the higher temperatures. A sample of transformer oil, for which I am 
indebted to the kindness of the Yacuum Oil Company, Ltd., was used instead, 
and so far has proved entirely satisfactory. The index of refraction of this 
oil had to be determined at both temperatures. This was done by measuring 
photographically the deflection of a spectrum line after traversing a wedge 
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oell, whose faces were of optically worked glass, filled with the fiuid whose 
refractive index was required. The angle of the wedge was first found 
by measuring the deflection produced when it was filled with water at 
ordinary temperatui'e. It was then filled with oil, placed inside the double- 
walled chamber, and the deflection was again measured at any requited 
temperature. The index of refraction of the oil for the given line of 
the spectrum could then be calculated. 

4. A precisely similar method was used to determine the normal index 
of refraction of the glass used, when unstressed, at the temperatures of 
the experiments. Previously this refractive index had been obtained by 
fitting the usual disjiersion formula to the values of the refractive index 
for a few standard lines, as supplied by the makers. 

This method had long been felt to be unsatisfactory, and for the liigher 
temperatures it was unavailable. Accordingly prisms of small angle were 
cut from the material of the slabs and the deflections of every spectrum 
lino used read off at the lower atid higher temperatures. The refractive 
indices were then calculated. 

5. The glasses used were Jena glasses, transparent to ultra-violet light 
and bearing the maker’s catuloguo number TIV 3199- These had already 
been examined at ordinary temperatures some three years before, and 
the results published in the paper already quoted. 

It was now discovered that a certain amount of anomalous dispersion 
existed for two wavedengths in this glass : and that this anomalous dispersion 
was intensified by rise of temperature. The discussion of this effect, how- 
ever, it is proposed to reserve for a sepai’ate paper. As a matter of fact 
its influeiioe on the correction for prismatic shape duo to bending was 
found to be very slight; but it may have an important bearing on the 
interpretation of similar anomalies in the photo-elastic effect. 

6. The stress-optical coefficients were calculated by the method described 
in ‘Proc. Eoy. Soc.,' A, vol. 83. 

The results are expressed in a unit of 10^'^cm.* per dyne. In the 
paper quoted above I used a unit of 10'^^ cm.^ per gramme weight, and 
proposed to call it a hrewster. Since then it was pointed out to me that 
it would be preferable to use in all cases an absolute, instead of a 
gravitational unit The new unit is about 1*02 of the old, and I propose 
to transfer to it the suggested name of h^ewster. 

The values of the stress-optical coefficients Ci, C/ (both of which are 

* C| is defined as the increase per unit tension of the index of refraction of the ray 
polarised in the line of stresa ; C, as the corresponding quantity for the ray polarised 
perpendicularly to the line of atress. 

VOL. LXXXIX.— A. 2 Z 
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negfttive), are given in columns II, III, V, VI of the table below for 
temperatures of 18** C. and 90** C. In columns I and lY have been 
entered the values of Ci, Ca as determined for the same glass at about 
15° C. some throe years previously. These are taken from Table II of 
the paper quoted above, but expressed in the new units. 


Table of Stress-Optical Coefficients for Glass UV 3199. 


A. 

I. 

-0,. 

At 16' C. 
(1909). 

If 

At 18*^^ C. 
(1912). 

m. 

At 90^0. 
(1912). 

IV. 

— Cj. 

At 16° C. 
(1909). 

V 

At 1^0. 
(1912). 

VI. 

At 90* 0. 
(1912). 

0600 

_ 

0-86 

0*76 


- 


6404 

0 67 

0*86 

0-73 

8*80 

8 76 

3*00 

0472 

— 

0*86 

0*71 

3*74 

3*73 

— 

, 6408 

0-70 

O’SS 

0-74 

— 

3 76 

8 91 

6460 

— 

0*87 

070 

— 

3*76 

— 

6489 

0-71 

0-88 

074 

8 76 

877 

3*01 

6100 

— 

0*86 

078 

— 

3 70 

— 

6168 

0-69 

0-86 

0*78 

8-80 

3 77 

8 85 1 

6122 


0 87 

0 79 

8-78 

8 77 

3*88 

6103 

0 87 

0*87 

078 

3 79 

8 76 

3*87 ! 

6696 

0*66 


0*80 

3 ro 

— 

— 

6600 

0-67 

— 

0*78 

8 76 


— 

6868 

— 


078 

— 

— 

3*06 

6868 

0*71 

0*84 

— 

8 71 

— 

3*86 

6603 



070 

— 

— 


6601 

— 

— 

0*69 


8 78 

8-.S7 

6609 


0*86 


— 



— 

6696 

___ 

0*86 

0-69 


8*74 

8*86 

6600 

0-60 

0 83 

071 

8*77 

3 77 

3*86 

6682 


— 

1 


8 73 ! 

t 

6618 

0*65 

— j 

0*64 

*- 




6270 

0-68 

— ! 

0*72 

3*78 

875 

8*80 1 

6266 

— 

— i 

0*78 

— 

8 71 1 

— ! 

6262 

— 

1 

0*70 

— 

1 

1 

— 

6180 

0*64 

- ! 

0*72 

3*81 

- 


6042 

0*60 

1 

0*73 

8*79 

1 


4878 

0*60 

0*87 1 

0-77 

8*84 

3*80 1 

— 

4807 

— 

— 1 

— 


3*78 

— 

4686 

0-68 

0*83 

0*76 

3*86 

3*87 ! 

8*06 

4682 

i 0-68 

— 

0*78 

. — 

— 1 

4*00 

4687 

0-62 

0-79 


3-86 

— i 


4466 

0*60 

0*77 

0*71 

8-80 

876 

4*01 

4486 

0*60 

0*76 

0-73 

8-00 

3 76 1 

1 8*08 

4426 

0*60 

0*76 1 

0*76 

8*86 

8 76 

3*08 

4810 

0*67 

0-72 1 

0*60 

8-86 

876 

— 

4308 

— 

0-72 ! 

0*64 

3*86 1 

3 76 

8*87 

4808 

0*60 

0*74 

0*67 

8*87 1 

8 77 

— 

4800 

— 

0*72 ] 

0*64 

8*84 

8 78 

8-01 

4200 

— 

— 1 


8*81 

877 

— 

4288 

0*68 

0*76 

0*66 

8-84 

8 SI 

— 

4227 

— 

— 

— 

8*84 

— 

j 8*88 

8960 

0*68 

0*76 

0*64 


— 

< » 

8084 

0*64 

1 

0-72 

0*64 

— 




The gepB in the above table are due to the fact that manj linee gave maaenrable imagee on one 
plate but not on another. 
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The results are exhibited in the diagrams of fig. 2, the base line being 
shifted so as to bring the carves of Ci and Cg close to one another for purposes 
of comparison. 

The carves running through the observations are merely put in as guides 
to the eye, to call attention to the general trend of the observations. They 
are not intended in any way to represent accurately the “best fitting" 
curves. 

7. If we compare the 1912 observations at the two temperatures it appears 
that the coefficient Cg is numerically increased, Ci numerically diminished, by 
rise of temperature. 

If, however, we now compare the 1912 observations at the lower tempera- 
ture with the 1909 observations at a sensibly equal temperature, we get 
tolerable agraement as roganls Gg but a serious difierence in C], which cannot 
be explained away by errors of observation. 

The conclusion seems forced upon us that these stress-optioal properties 
are not permanently fixed, but vary with the time and with the life-history 
of each individual piece of glass. 

Possibly a slow readjustment of internal conditions takes place inside the 
glass, analogous to the settling down of highly viscous material. 

But possibly also, the coefficients may be altered by the treatment received 
by the piece of glass in the interval. Now, of the 1912 measurements, those 
at the higher temperature were taken on January 18 and February 29, those 
at the lower temperature on March 7 for Ci and March 14 for Cg. It is 
therefore possible that the general shift of the Ci curve represents the 
residual effect after beating. No observations were taken in 1912 before 
applying heat: an omission which unfortunately cannot now be repaired. 
But clearly the effect of previous treatment will now have to be caiefully 
studied. 

One statement, at any rate, we can make with some certainty : the rise of 
temperature causes a temporary increase of the coefficient Cg. 

As regards the general trend of the curves there is in all the Ct curves a 
slight average fall from red to blue and in all the Og curves a slight average 
rise from red to blue. This seems unaffected by change of temperature. 

Superimposed upon this general trend aie local irregularities of the type 
already discussed in the paper several times referred to. These may or may 
not be significant. A rise between \4300 and X4600 occurs in all the 
curves representing observations taken at temperature 90° C. or after the 
glasses had been raised to that temperature : there seem to be traces of this 
rise in the 1909 observations of Cg. Probably this irregularity is significant 
and is made prominent by rise of temperature. In this connection it may be 
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well to note that the ordinary di^rnon of this glass shows anomaly near 
\4300. 

One other local in'egularity seema worthy of notice ; this is the dip in the 
Cl curve at 90° C. near \ 5500. This is isolated ; there is nothing oorre* 
spending to it in any of the other curves. This dip appears, however, well 
supported by the neighbouring observations. It it prove real it is of con- 
siderable interest, being apparently developed only at the higher temperature. 

8. In conclusion I have to express my very best thanks to Dr. £. N. 
da C. Andrade for his invaluable assistance. Dr. Andrade very kindly under- 
took to measure for me tho spectrograms and has ex[)ended much valuable 
time and care upon this tosk. 

My acknowledgments are also due to Professor F. T. Trouton for con- 
tinuing to me the kind and helpful hospitality of his laboratory at University 
College, Loudon. 


Transptvrence or Translucence of the Surface Film produced in 

Polishing Metals. 

By G. T. Beilby, F.B.S. 

(Received January 21, — ^Read February 12, 1914.) 

[Platk 11.] 

In a communication to tlie British Association* it was suggested tliat all 
smooth metal surfaces are covered with an enamel-like transparent layer. 
In a subsequent communication to the Royal Societyf the actual formation 
of a surface layer or skin by polishing was demonstrated. Two of the photo- 
micrographs in the latter paper (figs. 5 and 6, Plate 9) showed tliat minute 
pits on a polished surface of antimony had been covered over by a film of 
this description. It was suggested that the diminished reflecting power of 
the film covering the pits probably indicated that it had become trans- 
lucent, but no direct evidence of this translucence was afforded by these 
particular observations. It was also suggested that the film might have 
been carried across the pits on a support provided by small granules or 
flakes which had filled up the pit to the level of the general surface. The 


* ‘ Brit. Abmc. Bep,’ 1901, p 904. 
t ' Proe. Boy. Soe.,* A, vol. 72, p 218. 
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porpooe of the present communioatioa is to rooord and illustrate certain 
recent observations which show : — 

(1) That the flhn which covers the pits is transparent, or at any rate 
highly translucent ; and* 

(2) That in the case of the smaller {nts the mobile fihn has been carried 
across the empty pit without any support from below. 

In the casting and working of copper, unless certain precautiona are 
taken, the metal is always more or less spongy, owing to the presence of gas 
bubbles. When the surface of this metal is ground and polished, some of 
the gas bubbles ate laid open and appear on the surface as tiny pita If the 
oast metal has been subjected to cold working, by rolling or otherwise, 
the larger bubbles are distorted, and take elongated and other varied forms. 
By any method of polishing which will give a fair surface the pits are 
flowed over and obliterated, but by lightly etching the surface with a solvent 
the surface skin can be removed and the pits are again disclosed. By 
careful regulation of the action of the solvent it is possible to remove the 
surface layer step by step, and the film covering the pits can be reduced to 
extreme thinness. Through this thin film one seems to be looking right into 
the pit. 

In polishing metal surfaces the amount of the metal which is removed by 
the polishing agent can be varied through wide limits under conditions 
which need not be specified here. It is sufficient for the present purpose 
to state that by suitable methods the skin developed on the surface may be 
raised to a maximum thickness or reduced to a minimum. For the preswt 
inquiry it was desirable lliat the film produced should be as thin as possible, 

The copper used in these experiments received its final polishing on fine 
linen stretched over a hard fiat surface and moistened with one of the 
ordinary commercial brass polishing liquids. On the copper sur&oe 
prepared in this way the pits, as seen under high magnification, appear as 
blue spots on the pale rose-coloured ground of the solid metal While some 
of the film-covered pita appear uniformly blue, others show patches of red 
at various parts of their surface. When these red patches were first 
noticed it was supposed that they indicated a thickening of the film at 
these points to the extent necessary for normal reflation. More careful 
study has shown that the red patches are due to reflections from the inner 
concave surface of the pit. The beam of light from the vertical illuminator 
behind the back lens of the objeot-glass of the microscope passes throng 
the film covering the pit, strikes the concave metallic surface, and is 
reflected back through the film to the object-glass and thence to the eye- 
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piece. The reflecting surfiice of the pits is evidently far from optical 
perfection, and the reflected beam is therefore more or less broken up by 
irregularities of the reflecting surface. 

By the use of autochrome plates it has been possible to obtain high 
power photo-micrographs in natural colours of ]iit8 on n copper surface. 
Four of these transparencies have l)cen reproduced by the three-colour 
process, and ai'e shown on Plate 11. Figs. 1 and 2 ate at a magnification 
of 800 diameters, and figs. 3 and 4 at 1800 diametei-s. In figs. 1 and 3 the 
pits arc covered by a blue iilni, but sliow patches of red on the blue. 
Figs. 2 and 4 show the some pits after the film has lieen dissolved and 
removed hy a 10-per-ccnt. solution of ammonium ]>er8ulphato acting for 
20 to 30 seconds. On comjiaring the members of each pair, 1 with 2, 
and 3 with 4, it is seen tliat the rod patches in 1 and 3 correspond with 
the spots of light reficeted from the coiicuvo surfaces of the uncovered pits 
as shown in 2 and 4. 

It is clear tliat the pits which show these refiectioim from the under 
surface must have been jiractically imipty wlmn they were covered by tlio 
film, so that the film during its flow was (pute unsuppoitcd from below, 

The thickness of the films covering the pits is probably t»f tho order of 
10 to 20 micro-milUmetrofi. 
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Sib GEORGE HOWARD DARWIN, 1845-1912. 


By the death of Sir George Howakd Dakwik, whicli took ])Iace on 
December 7 hut, the Society has loat an investigator of rare skill and untiring 
patience, whose work has done much to add lustre to a name already 
pre-eminent in the annals of British science. 

Sir George, the second son of Charles Darwin, was born at Down, Kent, in 
the year 1845. Brought up amidst scientific surroundings from the start, he 
received his early education privately at the hands of Rev. Charles Pritchaixl, 
who afterwards became Savilian Professor of Astronomy in the University of 
Oxford. Among Pritchard’s pupils at the time were numbered the sons of 
many of England’s leading scientists, and many of these in turn have since 
won for themselves distinguished careers, no fewer than three having officiated 
in after years as Presidents of the British Association. 

He gained an entrance scholamhip and entered at Trinity College, 
Cambridge, in 1864, and graduated as Second Wrangler and Smith’s Prizeman 
in the year 1868. The same year he was elected to a Fellowship at Trinity 
College. The Senior Wrangler of the year was Mr. Fletcher Moulton of 
St. John’s (now I/ird Justice of Appeal), who relates how he himself at first 
remained at Cambridge with the object of pursuing an academic career while 
Darwin proceeded to Loudon to read with a prominent barrister with a view 
to adopting the bar as a profession. He was duly called but never practised, 
and a few years only elapsed before the positions were interchanged and 
Darwin once more returned to Cambridge, where the rest of his life was spent. 
There he devoted himself to the solution of those intricate problems, associated 
primarily with the unravelling of the early history of the Solar System, which 
form the subject of the four monumental volumes of ‘ Collected Papers ' 
leoeutly issued under his personal supervision by the Cambridge University 
Press, 

This work had already made considerable progress when he was invited to 
occupy the Plumian Chair of Astronomy, which became vacant by the death 
of Challis in 1883, and in the following year he was re-elected to a professor- 
ship at Trinity, his previous tenure having expired by lapse of time in 1878. 
The same year he married Maud, daughter of Charles du Fuy, of Philadelphia, 
and took up his abode at the pleasant home of Newnham Grange at the end 
of the “ Backs,” which will long be associated with kindly recollections by all 
whose privilege it was to visit there. He hod two sons and two daughters. 
His elder son Charles followed in his father’s footsteps by becoming a scholar 
of Trinity in 1905 and graduating as Fourth Wrangler in the Mathematical 
Tripos of 1909. 

Darwin’s earliest notable contribution to science was an investigation “ On 
the Influence of Geological Changes on the Forth’s Axis of Rotation ” (‘ Phil, 

I 2 



ii Obituary Notices of Fellows deceased. 

Trans./ 1877, Part I, voL 167). At this time the opinion was frequently 
held by geologists that the wanderings of the pole in the Earth’s figure caused 
by geological upheavals and subsidences, together with associated changes in 
the obliquity of the ecliptic and the consequent variation in the intensity of 
seasonal chimges, could afford an adequate explanation of the glacial epochs, 
though the best physical opinion was opposed to this view. 

Darwin attacked this problem in characteristic manner. Not content with 
the mete qualitative indications of analysis his aim was to subject the results 
which might arise therefrom to definite numerical tests, and though the 
vagueness of the geological evidence available was such as to preclude any 
great precision in the results, the conclusions arrived at are quantitatively 
such as to be “ absolutely inconsistent with the sensational speculations as 
to the causes and effects of the glacial epoch which some geologists have 
permitted themselves to make.” 

This paper was referred by the Society to Sir William Thomson (I.ord 
Kelvin), and in this manner was the means of bringing Darwin into associa- 
tion with him. The acquaintance thus formed ripcne«l into a close and 
intimate friendship which lasted till Kelvin’s death. Henceforth we find 
the well known inspiiing infiuenoe of Lord Kelvin pervading Darwin’s work, 
and important memoirs followed one another in quick succession. 

The conclusions arrived at in the paper referred to above were based on 
the assumption that throughout geological history, apart from slow geological 
changes, the Earth would rotate sensibly as if it were rigid. It is shown that 
a departure from this hypothesis might possibly account for considerable 
excursions of the axis of rotation within the Earth itself, though these would 
be improbable, unless, indeed, geologists were prepared to abandon the view 
“that where the continents now stand they have always stood”; but no 
such effect is possible with respect to the direction of the Earth’s axis in 
space. Thus the present condition of obliquity of the Earth’s equator could 
in no way be accounted for os a result of geological change, and a further 
cause had to be sought. Darwin foresaw a possibility of obtaining an explana- 
tion in the frictional resistance to which the tidal oscillations of the mobile 
parts of a planet must be subject.- ’I'he investigation of this hypothesis gave 
rise to a remarkable series of papers of far reaching consequence in theories 
of cosmogony and of the present constitution of the Earth. 

In the first of these papers, which is of a preparatory character, “ On the 
Bodily Tides of Viscous and Semi-elastic Spheroids, and on the Ocean Tides 
on a Yielding Nucleus ” (' Phil. Trans.,' 1879, vol. 170), he adapts the analysis of 
Sir William Thomson, relating to the tidal deformations of an elastic sphere, 
to the case of a sphere composed of a viscous liquid or, more generally, of a 
material which partakes of the character either of a solid or a fluid according 
to the nature of the strain to which it is subjected. For momentary 
deformations it is assumed to be elastic in character, but the elasticity ia 
consideted as breaking down with continuation of the strain in such a manner 
that under very slow variations of the deforming forces it will behave sensibly 
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as if it were a viscous liquid. The exact law assumed by Darwin was 
dictated rather by mathematical exigencies than by any experimental justifi- 
cation, but the evidence afforded by the flow of rocks under continuous stress 
indicates tliat it represents, at least in a rough manner, the mechanical 
properties which characterise the solid parts of the Earth. 

The chief practical result of this paper is summed up by Darwin himself 
by saying that it is strongly confirmatory of the view already maintained by 
Kelvin that the existence of ocean tides, which would otherwise be largely 
masked by the yielding of the ocean bed to tidal deformation, points to a 
high effective rigidity of the Earth m a whole. Its value, however, lies 
further in the mathematical expressions derived for the reduction in ampli- 
tude and retardation in phase of the tides I’esultiiig from viscosity which 
form the starting point for the further investigations to which the author 
proceeded. 

The retardation in phase or “ lag ” of the tide due to viscosity implies that 
a spheroid as tidally distorted will no longer present a symmetrical aspect 
as viewed from the disturbing body which generates the tides, as it would do 
if no such caust^ were oj)ei-ative. The attractive forces uu tlie nearer and 
more distant jiarts will consequently ftiriii a iKin-equilibrating system with 
resultant couples tending to modify the state of rotation of the s^dieroid 
alM)iit its centre of gravity. The action of tliese couples, though exceedingly 
small, will be (junuilative with lapse of time, and it is their cumulative effects 
over long intervals which form the subject of the next paper, “ On the 
Precession of a Viscous Spheroid and on the Kemote History of the Earth ” 
(‘ Phil. Trans.,’ 1879, voL 170, Part II, pp. 447-530). The case of a single 
disturbing body (the Moon) is first considered, but it is shown that if there 
are two such bodies raising tidal disturbances (the Sim and Muon) the 
conditions will be materially modified from the suiieriiosed results of the two 
disturbances considered sejiarately. Under certain coiKliiions of viscosity 
and obliquity the obliquity of the ecliptic will increase, and under othei'S it 
will diminish, but tlie analysis further yields ** some remarkable results as to 
the dynamical stability or instability of the system .... for moderate 
degrees of viscosity, the position of xero obliquity is unstable, but there is 
a position of stability at a high obliquity. For large viscosities the position 
of zero obliquity becomes stable, and (except for a very close approximation 
to rigidity) there is an unstable position at a larger obliquity, ami again 
a stable one at a still larger one.” 

The reactions of the tidal disturbing force on the motion of the Moon are 
next considered, and a relation derived connecting that portion of the 
apparent secular acceleration of Moon's mean motion, which cannot be other- 
wise accounted for by theory, with the heights and retardations of the 
several bodily tides in the Earth. Various hypotheses are discussed, but with 
the conclusion that insufficient evidence is available to form “ any estimate 
having any pretension to accuracy .... as to the present rate of , tidal 
friction.” 
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But though the time scale involved nuiHt remain uncertain, the nature of 
the physical changes that are taking place at the present time is i)ractically 
free from obscurity. These involve a gmdual increase in the length of the 
day, of the month, and of the oblK|iiity of the ecliptic, with a gradual 
recession of the Moon from the Earth. The most striking result is that 
these changes can be traced backwards in time until a state is reached when 
the Moon’s centre would be at a distance of only about 6000 miles from the 
Earth’s surface, while the day and month would be ot equal duration, 
estimated at aboijt 6 liours 36 minutes. The minimum time which can have 
elapsed since this condition obtained is further estimated at about 54 million 
years. This leads to the inevitable conclusion tliat the Moon and Eartli at 
one time formeil fsirts of a common mass and led to an inquiiy as to how 
and why the planet broke up. The most prol>abIe hypothesis appeared to Ije 
that, in accordance with Laplace's nebular hypothesis, the planet, being 
jtfirtly or wliolly fluid, contracte<l, and thus rotated faster and faster, until 
the ellij)ticity became so great that the e<]uilibrium was unstable. 

The tentative theory put forward by Darwin, however, differs from the 
nebular hy|K)thesis of Laplace in the suggestion that instability might set in 
by the rupture of the body into two j)art8 rather tlian by the casting oft' of 
a ring of matter, somewliat analogous to the ring of Saturn, to be afterwaivls 
consolidated into the form of a satellite. 

Tlie mathematical investigation of this hypothesis forms a subject to which 
Darwin frequently revertecl later, but for the time he devoted himself to 
following up more minutely the motions which would ensue after the 
supjKised planet, which originally consisted of the existing Earth and Moon 
in combination, had become detached into two sejiarate masses. In the final 
section of a paper On the Secular Changes in the Elements of the Orbit of 
a Satellite revolving alrout a Tidally Distorted Planet” (‘Phil. Trans.,’ 
1880, vol. 171), Darwin summarises the results derived in this and preceding 
memoirs, Yarious factors iguore^l in the earlier investigations, such as the 
eccentricity and inclination of the lunar orbit, the distribution of heat 
generated by tidal friction and the effects of inertia, were duly considered 
and a complete history traced of the evolution resulting from tidal friction of 
a system originating as two detached masses nearly in contact with one 
another and rotating nearly as though they were parts of one rigid body. 
Starting with the numerical data suggested by the E^rth-Moon system, “ it is 
only necessary to postulate a sufficient lapse of time, and that there is not 
enough matter diffused through space to resist materially the motions of the 
Moon and Earth,” when " a system would necessarily be developed which 
would bear a strong resemblance to our own.” “ A theory, reposing on wcp 
eaum, which brings into quantitative correlation the lengths of the present 
day and month, the obliquity of the ecliptic, and the inclination and 
eccentricity of the lunar orbit, must, 1 think, have stroug claims to 
acceptance.” 

Confirmation of the theory is sought and foimd, in part at least, in the 
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caHe of other members of the solar system which are fomid to represent 
various stages in tlie process of evolution indicated by the analysis. ^ 

The application of the theory of tidal friction to tlie evolution of the Solar 
System and of planetary sub-systems other than the Earth-M(M>n System is, 
however, reconsidered later, “ On the Tidal Friction of a Planet attendeil by 
Several Satellites, and on the Evolution of the Solar System " (‘ Phil. Trans.,' 
1882, vol. 172). The conclusions drawn in this i>aper are that the Earth- 
M(H)n system forms a unique examjde within the Solar System of its 
imrticular mode of evolution. While tidal friction may perhaps be invoked 
to throw light on the distribution of the satellites among the several ))lanets, 
it is very iinproliable that it has figureil as the dominant cause of change in 
any of the otlier planetary systems or in the Solar System itself. 

These researches were followed by a further application of Lord Kelvin's 
analysis of the strain in an elastic sphere to the determination of the 
strength of the inaterials of which the Earth must be built so as to 
jnevent the continents from sinking and the sea-bed from rising — 
" On the Stresses cjnised in the Interior of the Earth by the Weight of 
Continents and Mountains” (' Phil. Trans.,' 1882, vol. 17o). In this paper it 
is conclusively shown that the surface inecpialities of the Earth's surface 
must give rise to enormous sti’css even at considerable depths comparable 
with the dimensions of the glol>e itself, and the continued resistance to this 
stress must imply a strength of material at least equivalent to that of 
granite. If this i*esistance is located in the surface layers only a still higher 
and almost inconceivable degree of strength will be indicated. Thus 
additional evidence is afforded by the dimensions of superficial inequalities of 
the Earth's crust of the 8t)lid structure of the Earth adv^jcated by Lord Kelvin, 

Simultaneously with the above researches we find Darwin, in conjunction 
with his brother, Mr, Horace Darwin, conducting experiments, in accordance 
with a suggestion of Lord Kelvin, for the purjiose of directly measuring the 
deflections of the plumb-line due to the disturbing action of the Moon, The 
exjieriments failed in their purpose, not from want of delicacy of the 
appai^tus used, but from the existence of more pronounced disturbing 
influences at the time but little understood, but whicli nowadays fonn the 
subject of continued observation by seismologists. The experiments afford 
an early contribution to the scientific study of these seismic disturbances ; 
the separation of the lunar disturbances from them has since been successfully 
accomplished by Hecker. 

The application of the tlieoi'etical researches on tidal friction to the con- 
sideration of the present structure of the Earth demanded observational data 
to be derived from existing knowledge of ocean tides. As the principal tides 
might be expected tb depart far from the eciuilibrium law, and an ^equate 
dynamical theory, on account of the complex distribution of the oceaii» 
appeared to be far beyond the posssibilities of mathematical analysis, such 
evidence as was required had to be sought in the fiei)aration from the records 
of tidal observation of the ikies of long period which might be expected to 
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follow laoio closely the etiuilibrium law. This separation required a close 
and delicate analysis. 

The t'heory underlying this analysis had been already laid down by 
Laplace, who had shown how the disturbing force may be analysed into 
various simple harmonic constituents, each of which will generate a tide of 
ttio same period as the disturbing force, the determination of the amplitude 
and phase of wliich, though not yielding to theory, can be effected for each 
port by direct observation. 

The practical application of this theory to the discussion of tidal observa- 
tions by means of harmonic analysis had I)ecn suggested by Lord Kelvin, and 
reports on the subject had iteen drawn up hy him and presented to the 
llritish Association in 1868, 1870. 1871, 1872, and 187C. The whole subject 
was, however, in need of co-ordination and revision, and for this purpose a 
committee, consisting of Prof. Adams and Darwin, w’as appointed in 1882. 
The work of this committee devolved principally on Darwin, who, liowever, 
ackiiowlmlges the great lienetit derived from the advice leceived from 
Adams from time to time. The output of this committee consists of a series 
of reports, dealing in a most thorough and complete manner with the 
co-ordination of the various existing metho<ls of discussion of tidal observa- 
tions, the derivation of harmonic constants with the highest degroe of 
precision of which the observations permit, and the utilisation of these 
constants for the formation of tide tables. The schemes put forward hy 
Darwin in these reports, of which a further account is given at length in the 
article “ Tides,” written by him for the ' Encycloptedia Britannica ' in 1888, 
have since been practically universally adopted. 

Following on this, we find Darwin turning his attention back to the 
problems aiising in connection with the genesis of the Moon, in accordance 
with the indications previously arrived at from the theory of tidal friction. 
It appeared to be of interest to trace back the changes which would result in 
the figures of the Earth and Moon, owing to their mutual attraction, as they 
approached one another. The analysis is confined to the eonsideration of 
two bodies supposed constituted of homogeneous liquid. At considerable 
distances the solution of the problem thus presented is that of the 
equilibrium tlieory of the tides, but, os the masses are brought nearer and 
nearer together, the approximations available for the latter problem cease to 
be sufficient. Here, as elsewhere, when the methods of analysis could no 
longer yield algebraic results, Darwin boldly proceeds to replace his symltols 
by numerical quantities, and thereby succeieds in ti-acing, with considerable 
approximation, the forms which such figures would assume when the two 
masses are nearly in contact. He even carries the investigation farther, to a 
stage when the two masses in part overlap. The forms obtained in this case 
can only be regarded as satisfj^g the analytical, and not the true physical 
conditions of the problem, os, of course, two different portions of nmtter 
cannot occupy the same space. They, however, suggest that, by a very 
slight modification of the conditions, a new form could be found, which 
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ivould fulfil all the conditions, in which the two detached masses are united 
into a single mass, wlioso shape has been variously described as resembling 
that of an houi'-glass, a dumb-bell, or a pear. This confirms the suggestion 
'previously made that the origin of the Moou was to be sought in the 
ruptuiB of the paient planet into two pai ts, but the theory was destined to 
receive a still more striking confirmation from another source. 

While Darwin was still at work on the subject, there appeareil the great 
aiiemoir by M. Poincare, “ Sur 1 equilibre d'uue masse fluide auimeo d’un 
mouvement de rotation *’ (‘ Acta Math.,' vol. 7). 

The figures of equilibrium known as Maclauriii’s spheroid and Jacobi's 
•ellipsoid were already familiar to mathematicians, though the conditions of 
stability, at least of the latter form, were not established. By means of 
analysis of a masterly character, Poincanj succeeded in enunciating and 
applying lo this problem the i)rinciple of excliange of stabilities. This principle 
may be briefly indicated as follows : Imagine a dynamical system such as 
a rotating liquid planet to be undergoing evolutionary change such as 
would result from a gradual condensation of its mass through cooling. 
Whatever be the varying element to which the evolutionary cliatiges may 
bo referred, it may be possible to define certain relatively simple modes of 
tnotion, the features associated with which will, however, undergo continuous 
•evolution. If the existence of such modes has l)een established, M. Poincare 
sliows that the investigation of their persistence or “ stability " may be made 
to depend on the evaluation of certain related quantities which he defines as 
coefficients of stability. The latter quantities will l)e subject to evolutionary 
•change, and it may happen that in the course of such change one or more of 
them assumes a zero value. Poincan' shows that .such an occurrence indicates 
that the particular mode of motion under consideration coalesces at this stage 
with some other mode which likewise has a vanishing ooeflicient of stability. 
Either mode will, as a rule, be possible before the change, but whereas one 
will be stable the other will be unstable. The same will be true after the 
change, but there will be an interchange of stabilities, whereby that which was 
previously stable will become unstable, and vice trrsd. An illustration of this 
principle was found in the case of the spheroids of Maclaurin and tlie 
ellipsoids of Jacobi. The former in the earlier stages of evolution will 
represent a stable condition, but as the ellipticity of surface increases a stage 
is reached where it ceases to be stable and becomes unstable. At this stage 
it is found to coalesce with Jacobi’s form which involves in its further 
development an ellipsoid with three unequal axes. Poincar^ shows that the 
latter form possesses in its earlier stages the I'equisite elements of stability, 
but that these in their turn disappear in the later developments. In 
-accordance with the principle of exchange of stabilities laid down by him, the 
loss of stability will occur at a stage where there is coalescence with another 
form of figure, to which the stability will be transferred, and this form he 
.-shows at its origin resembles the pear which had already been indicated by 
Darwin's investigation. The supposed pear-shaped figure was thus amved 
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at by two entirely different methods of research, that of Poincari^ tracing the 
processes of evolution forwards and that of Darwin proceeding backwards in 
time. 

The chain of evidence was all but complete; it remained, however, to 
consider whether the pear-shaped ligare indicated by Poincard, stable in its 
earlier forms, could retain its stability throughout the sequence of changes 
necessary to fill the gap between these forms and the forms found by Darwin. 

In later years Darwin devoted much time to the consideration of this problem. 
Undeterreil by the formidable analysis which had to be faced, he proceeded 
to adapt the intricate theory of Ellipsoidal Harmonies to a fortn in which it 
would admit of numerical ap]dication, and his j>ai>er on “ Ellipsoid Harmonic 
Analysis” (‘PliiL Trans./ A, 1901, vol. 197), a[>art from the application for 
which it was designed, in itself forms a valuable contribution to this 
{tarticiilar branch of analysis. With the ai<l of these preliminary irnesti- 
gations he siicoeeded in tracing with gn^ater aiMmracy the form of the i>ear- 
Hha])ed tigni'e as established by Poincare, “ On the Pear-shajied Figure of 
E(iuilibrium of a Rotating Mass of Liquid*' (‘ Phil. Trans,/ A, 1901, vol, 198), 
and, as he considered, in establishing its stability, at least in its earlier 
forms. Some doubt, however, is expressed as to the conclusiveness of the 
argument employed, as simuitaueous investigations by M. LiHiM)unoff jiointed 
to an opposite conclusion. Darwin again reverts to this {M>iut in a further 
pajK?r “ On the Figure ami Stability of a Liquid Satellite” (‘Phil Trans./ A, 1906, 
vol. 206), in which is consitlered the stability of two isolated liquid iims.ses 
fn the stage at which they are in close proximity, i,«., the condition which 
would obtain, in the Earth-Moon System, shortly after the Moon had l>een 
seveied from the Eartk The ellipsoidal harmonic analysis previously 
develo|ie<l is then a])plied to the determination of the approximately 
ellipsoidal forms which had been indicated by Roche. The conclusions 
arrived at seem to point, though not conclusively, to instability at the stage 
of incipient rupture, but in contradistinction to this are quoted the results 
obtained by Jeans, who considered the analogous problems of the equilibrium 
and rotation of infinite rotating cylinders of liquid. This problem is the 
two-dimensional analogue of the problems considered by Darwin and 
Poincar6, but involves far greater simplicity of the conditions. Jeans fiilds 
solutions of his problem strictly analogous to the spheroids of Maclaurin, the 
ellipsoids of Jacobi, and the pear of Poincar^, and is able to follow the 
development of the latter until the neck joining the two i)art8 lias become 
quite thin. He is able to establish conclusively that the pear is stable in 
its early stages, while there is no evidence of any break in the stability up 
to the stage when it divides itself into two parts. 

Reference must now be made to Darwin’s work on the subject of " Periodic 
Orbits.” Though no published work on this subject appeared before the 
year 1897, the memoir which then appeared contained the substance of work 
which had occupied him for some years previously, the continuation of which 
only ceased with his death. The work liail its origin in the beautiful 
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memoirH of Mr. d, W. Hill on the Lunar Theory. The usual inetho<l (»f 
procedure in discussing “the problem of three bodies*' is to base the 
solution on the “problem of two bodies,” ix., on the theory of elliptic 
motion, and then to calculate by successive approximations the small 
disturlm-nces resulting from the presence of a third body. Hill was the first 
to show that certain sj»ecial solutions of a simple character could l>e derived 
which presented marke<l superiority over the elliptic, orbits previously used 
as a starting point for more exact investigation. As ap})lied to the Lunar 
Problem he Rucceede<l in determining by analyticsil methods a solution in 
which all those ineipialities (the variational inequalities) <lei»endent on the 
ratios of the mean motions of the Sun and Moon, but indei^iendent of the 
eccentricity and inclination of the lunar orbit and of the Sun’s (larallax, are 
taken into account at the outset. Owing to the slow convergence of the 
series involved, the analytical methods fail when the ratio of the month to 
the year is increased much beyond the value which actually holds, but Hill 
showed that in such cases the special solutions could still l)e derived by a 
methotl of numerical quadrature. 

The initial object of Darwin’s research was to apply Hill’s method of 
investigation to cases which departed somewhat widely from the traditional 
cases dealt with in the lunar and planetary theories, and where strictly 
analytical methods were of little avail. He therefore adopts the method of 
numerical quadratures from the outset. The problem which he set himseir 
was to trace out the possible paths of a small body (or satellite) moving in 
the plane of the circular orbit of a planet (Jove) round the Sun ; from among 
such possible paths he then sought to pick out, by trial and error, the 
particular ones which fulfilled the condition of Hill’s lunar orbit, viz., that 
after the lapse of a certain interval the conditions which obtained at the 
commencement of the interval would be exactly reproduced, so that the 
solution obtained would be “periodic” in character. Thus, it would only 
be necessary to investigate the features pertaining to a single period to 
obtain a knowledge of the motion of the satellite for all time. 

In order to emphasise the phenomena of perturbation, Darwin started with 
a case where the mass of the planet was considerable compared with that of 
the Sun. The actual numerical value adopted for the ratio of the masses of 
the planet and Sun was 1 : 10, and this was adhered to throughout. The 
difiPerential equations of motion admit of one integral, Jacobi’s integral, which 
introduces an arbitrary constant (C), the constant of relative energy. It was 
found convenient to classify the orbits in accordance with the value of ^ this 
constant 

Following Hill, Darwin shows that for large values of C, the orbits 
described will all be contained either within a closed curve surrounding 
the planet, within a similar closed curve surrounding the Sun, or outside a 
closed curve which surrounds both of the former. The three eases 
correspond with the lunar theory, planetary theory as applied to an inferior 
planet, and planetary theory as applied to a superior planet 
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For smaller values of C, however, the different branches of these limiting 
•curves unite, and passages are opened up through which a satellite may be 
•transferred from one of the spaces to another. The great pmnt of interest 
was to investigate the features associated with such a transference, and 
consequently the investigation was limited to the smaller values of C which 
would permit of this possibility. Even with the further limitation that 
“ simply ” periodic orbits idone (i./’., those which repeat themselves after a 
single revolution round the Sun, or primary) were considered, the amount 
of work required was found to be prodigious. The interest in the subject 
■was sustained by the continued surprises which the results yielded, and 
Ste was thus induced to continue computing more and yet more orbits 
whose forms appeared to Ire typical. Many of these were of a highly 
coniple.K character, the arithmetical determination in such cases being almost 
always highly evasive. 

Not content with merely indicating the forms of these orbits, ho set 
himself in every case the still more diflicnlt task of discussing their stability. 
In order that a satellite may describe a periodic orbit it must satisfy ideal 
initial conditions, any departure hrom which will cause it to describe 
initially a closely adjacent orbit. For certain orbits the disturbed orbit will 
oscillate in relation to the periodic orbit in a period which is associated only 
with the properties of the latter orbit, and is independent of the nature of 
the disturbance, provided only the latter be small. This was the cose with 
Hill's variational orbit, but in other instances an alternative presents itself 
in which the quantity, which figures analytically as the period of the 
disturbance, presents itself as an imaginary or complex quantity. In such 
a COSO the amplitude of the oscillations will increase with greater or less 
rapidity, and the disturbed orbit will soon cease to follow even approximately 
the course of the periodic orbit. Tn the latter case the periodic orbit is said 
to be unstable. 

'i'he problem of determining the periods of the small oscillatory dis- 
turbances, whether of real or imaginary period, is identical with that dealt 
with by Hill in his determination of the motion of the liuar perigee. Darwin 
at first followed Hill’s methods, in which the solution is derived by the 
reduction of a determinant of infinite order, but later an alternative method 
depending on quadratures was devised. But whichever plan was used the 
computations were found to be exceedingly laborious, and for orbits with 
sharp flexures almost intractable. Nevertheless, in almost every case he 
is able to arrive at a definite conclusion as to the stability or odierwise of 
the orbits traced. 

The subject of these investigations was dealt with simultaneously by 
Toincard in his volumes dealing with "Lea Nouvelles Mdthodss de la 
^^canique Cdleste.” Both authors derived their inspiration from Hill’s 
work, but the methods of treatment differ as widely as do their respec- 
tive methods of treatment of the problem of the figures of equilibrium of 
rotating fluid. Poincare’s method consists in a discussion of the analytical 
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properties of the fundamental differential equations of dynamics, and from 
his vast knowledge of the theory pertaining to such equations to deduce- 
properties of their solutions without actually deriving the solutions. 
However much one may admire Poincare’s skill and insight in dealing with 
abstruse mathematical analysis, to many readers the abstract process of 
reasoning will be found unsatisfying, and more concrete presentatioiis of the 
problems will appear to possess gitsater lucidity. To all the actual deriva- 
tion of definite solutions of the problem of three bodies by a process which 
admits of wide extension will appear as a high achievement. Many will 
share Darwin's own distrust, bo^d on experience, of the possibility of 
correctly I’easbning without fear of ambiguity about solutions which have 
not been definitely found, but his own i-esults cannot fail to carry conviction. 
Darwin’s orbits give clear and tangible illustrations of many of the features 
derived by PoincartS through the medium of his analysis, but from the nat\n-e 
of his methods, which consist in the study of special cases, they do not 
permit of such wide generalisation. Thus the work of either investigator in 
a field which, previously to the publication of Hill’s great memoir, had come 
to be considered as practically inaccessible, must be regarded as comple- 
mentary to that of the other. 

We have confined ourselves hitherto to a summary of the more important 
researches which occupied Darwin’s atfentiuii. The subjects of these 
researches were frequently dealt with in his professorial lectimw, which, 
whether he was expounding his own work or that of others, were always 
marked by singular lucidity. The curi'eut topics of investigation were almost 
always introduced in these le<itures and discussed with his students. He 
was conscientious to a <legree in acknowleilging any assistance he hirnsolf 
derived in this manner and whether in the lecture room or in his private 
study was eager to discuss projects for research on collateral subjects. His 
own enthusiasm communicated itself to his pupils and his influence did much 
to maintain the traditional reputation of Cambridge as a school of applied 
mathematics, and this in spite of the fact that, with the growing need for 
increased specialisation, a strong tendency existed for the separation of the 
subjects of study into two distinct schools, that of pure mathematics and that 
of experimental physics. 

In University administration he took but little part in internal politics, 
but in matters concerning the relationship of the University with external 
bodies his influence was great and his services were always available. 
In the formatiou of the Cambridge University Association for the purpose 
of reusing increased funds for University purposes he took a leading 
part, 08 also in the scheme for an Employment Bureau to bring University 
candidates more prominently into touch with the various openings that 
preseuteil themselves in after walks of life on completion of tboir University 
course. 

Outside the University his services were in demand in connection with the 
various learned societies with which he was associated. 
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For the Koyal Society he fre*iueutly nerved on Committees and ottioiated 
as a referee for nunierouH i>apers. He was President of the Royal Astro- 
nomical Society in the year 1889-1900, when it devolved on him to deliver 
an appreciative add teas on delivering the Gold Medal of the Society to his 
famous co-worker Poincar^. This address has lieeii referred to by those who 
were privileged to hear it as one of the most inspiring that has ever ]»een 
heard from that Chair on a similar occasion. 

An event of great im}>ortance in his life was the occasion on which he was 
invited to occupy tlie Presidential Chaii of the British Association in 1905, on 
the occasion of its visit to South Africa. The task was an exceptionally 
difficult one, involving, liesides the delivery of two formal addresses at the 
two more important centres % isited, innumerable minor si)eeches at almost 
every place of call en route ; in each one of which he was exceedingly haj)py 
in adapting himself to the occasion. He took no small share in the pre- 
liminary organisation for the journey (»f the Society, and it was largely due 
to his personality and tact in adjusting minor differences tliat the arrange- 
juents proved so efficient and frictionless iii actual operation. His 
Presidential Addiess on tliis occasion deals with a remarkable analogy 
between the subjects of his own investigations and collateral investigations 
in biological and political science. On his to Kuglaiul he received the 

well-deserved honour of a K.C.B. at the hands of His Majesty! 

In 1897 he was invited to America to tleliver a course of leotui'es at 
Boston and chose as his subject ** Tlie Tides.” Tliese lectures formed the 
nucleus of a volume published by him in 1898 under the title of * The Tides 
jind Kindreil Phenomena of tlie ^Solar System,’ in which a semi-popular 
account is given of many of his important researches. The hook met with 
a hearty reception and has since passed through many editions and been 
translated into many foreign languages. 

He was nominated as a member of the Meteorological Council soon after 
his return to Cambridge, and contiuuwl to serve as a representative of the 
Royal Society on the Treasury Committee which 8ui>erseded that Council a 
few years ago. 

Ho was appointeil by the Foreign Office as the first British representative 
on the International Geodetic Association, a position which involved him 
in extensive correspondence with the various geodetic organisations throughout 
the British Dominions, The choice is admitted by all to have proved an 
exceedingly happy one, and his services were duly acknowledged by the 
Association itself when they accepted the invitation, conveyed by him, to 
hold their triennial meeting in England in 1909, and nominated him as 
President for the occasion. 

He took a leading part in the organisation of the meeting of the fifth 
International Congi'ess of Mathematicians, which was held at Cambridge on 
August 22-28 of last year, and, in spite of failing health at the time, fulfilled 
the duties of the presidency with notable success. The symptoms were, 
unfortunately, to prove fatal, and, after a protracted illness, he passed 
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peacefully away on December 7 last, to the great sorrow of all who were 
privileged to know him. 

He was a corresponding member of many learned Societies, both in 
Europe and America, and many honoim were conferred on him, in apprecia> 
tion of his scientific work. The Gold Medal of the Boyal Astronomical 
Society was awarded to him in 1892. and a fioyal Medal on the nomination 
of the Eoyal Society in 1884, while, shortly before his death, he had the 
gratification of receiving the greatest mark of distinction which the Society 
can confer, by the award of tlie Copley Medal in the year 1911, and in 1912 
the Victoria Medal of the Iluyal Geographical Society. 

In private life his characteristic energy showed itself in a multitude of 
ways, such as in the mass of miscellaneous knowledge he had acquired from 
books, and in his facility in languages. As a trifling instance may be 
mentioned his acquaintance with iieraldry, in which be had grounded himself 
as a little boy at Down, daily poring over the abstruse works of Guillim and 
Edmondson. The careful drawings made from these hooks doubtless trained 
his powers of draughtsmanship, which in later life were shown in his illustra- 
tions of some of his father’s works.* 

The same trait might be illustrated in many ways, e.(j. in the zeal with 
which as a boy he collected lepidoptora, or the vigour with which ns a young 
man ho mastered the difiicult game of tennis, just failing, however, to 
represent his University against Oxford; or again, near the end of his life, 
in his patient attempt to become an archer. The holidays of life, and 
especially the pleasures and ainusoments of his wife and children, were shared 
by him, and organised with a happy and rapid eflectweness. 

Here, and indeed in every relation of life, his energ} was coloured and 
made lovable by that simple sweet open nature which endeared him to 
so many. 

S. S. H. 


* He ie mentioned in the ‘ Fertilisation of Orchida ' uh having solved the problem of 
the Musk Orchis {Hentmium monorrhit). 
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SiK WILLIAM WHITE, 1845-1913. 

SiK William Wuitk died unexpectedly an February 27 lant, while cngage<! 
in London on his ordinary every<lay work, aged 68 years. The *w<irkl is 
a loser by his death. He was an ardent worker in many fields, in all of 
which he gained distinction. 

He was bom at Devoiiport in 1845, his father being a native of that town 
and Ids mother a native of l^stwi thiol. He was the youngest child of a 
large family, and was given no sjjpcial educational facilities. 'W'^riting of 
this time afterwards he says : “ I had to travel a Iwrd road.” 

After studying in a small ]>rivate school in Devon|»ort, where he made the 
best use of such ojjportunities as the place aflbrdod, he left it as head boy to 
become a shipwright a])prentice in IJevoiiport J)«)ckyard. 

The Admiralty — as Sir William Wliite recalled in his Chairman h Address 
to the Royal Society of Arts — led the way in tlie provision of technical 
ediiciitioii for the youth of this country ; and it was in Devonpf)rt Dockyard 
School for Api>rentice8 that Sir William may 1 m^ said to have commenced 
that study of Naval Archite(!ture which was to cany him so far. 

Side by side with his purely school woi*k, he was engaged at this ] period in 
the actual building and re 2 »airing of ships, and so acquired that combined 
scholastic and workshop knowledge of which he was so strong an advocate in 
later years. This is now generally known as the “ sandwich system ” of 
technical training. ^ 

In 1864, the Admiralty found themselves faced by a great emergency. The 
end of the wooden ship-of-war Jiad come, and for the reconstruction of the 
Navy they needed a steady supply of otlicers thoroughly trained in the 
science of Naval Arcihitecture. Under the advice of Mr. E. J. Reed 
(afterwards Sir E. J. Reed, K.G.B., F.R.S.) and the Council of the Institution 
of Naval Architects they reverted to a scheme wliich twice in the century 
tliey ha<l abandoned, and they instituted at South Kensington Museum the 
Royal School of Naval Architecture and Marine Engineering. Sir William 
White was one of eight shipwright ap]>renticeB cliosen for its first students. 
The Admiralty spared no expense to make the training thoroughly efficient, 
and obtained the services of eminent professors in all branches of science 
necessary for Naval Architects and Marine Engineers. Sir William was an 
eager student at this school, and obtained its highest diploma. When he left the 
school in 1867 he was ap{Kiinte<1, with five other pupils, by Sir Edwaivl Reed 
(the Chief Constructor of the Navy) to the Admiralty Staff for the design and 
building of H.M, shijm. He assisted Sir Edward Reed personally in the 
preparation of his great work on ‘ Shipbuilding in Iron and Steel,' published 
in 1869, and in the preparation of the Memoir on the Stresses on Ships 
contributed by Sir Edward to the * Pliilosophical Transactions' for 187L 

The problems of naval design at this period were numerous, and the most 
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diverse views were held by those in anthority. The nmin questions involved, 
so far as the ships of tlie line were eoiicerned, were : — 

1. What was the best nielhod of constructing the [aTim)uri»(l side of a 

ship flo as to secure tlie greatest resistance to guntii'e ^ 

2. What was the best method of disjiosing the area of the nrriiour on a 

ship’s side so as to secure a just balance In^tween tlie j^rotection, in 
action, of vital fighting parts, and the exclusion of water from other 
parts of the vessel, where its entry in excessive quantities might 
lead to the foundering of the ship ? 

3. What was the best disjjositioii of tlic annainent ^ 

1. Whether, on the wliole. it was Ik'kI to build a short vc'ssel like Sir 
K<lward lieed’s Bellcrophoa or a long vessel like the first aniiourt'd 
Warrior 1 

Sir William took up the discussion of these points with such ability as to- 
throw much light on the ])rol)lems at issue. He hIs<i assisted Sir Edward 
Reed in preparing his book ‘Our Ironclad Ships,’ which dealt iv ejcfrim with 
the (juostion of short v, long ship. 

In 1370, Sir Edward Reed retired fiom the i>osilionuf tJhief Constructor of 
the Navy. The office was tlien put into Commission, with Sir Nathaniel: 
Jkimahy, K.C.lk (then Mr. Rarnahy), as Chairman of the Couneil of Naval 
Construction, and ho well was Sir William’s woik apjacciated h\ the new 
head, that he made him Seci clary c»f the Council. 

Ill January. 1871, Lord Dnfterin’s Comnutlee was appointed “To exiiinino 
the Designs upon which Ships-of-War have reeentlj been const ructed,*' with 
special reference to the loss of llu* Captain, and a large calculating staif,^ 
composed wholly of men trained at the Royal SchocJ of Naval Architecture 
and Marine Engineering, was formed at the Admiralty under Mr. F. K. Rarnes,. 
Member of the Council of Construction, for the purpose of pRqiariiig data for 
the Committee. Numerous calculatioim concerning tlie stability, strength, 
and other features of existing ships were demanded, and thew^ had to In; nuicli 
more thorough in character than was at that time customary. In this work 
Sir William took a prominent part. 

During this early period of his career Sir William had already shown that 
devotion to the literature of his profession wliich was a promineiP. feature of 
his career. The first volume of the Annual of the Royal School of Naval 
Architecture and Marine Engineering was published in 1871 under the 
direction of a Committee of which Sir William was a member, and althougli 
there is no signed paper of liis in the volume, he was a large contributor to its 
contents. In 1871, he, in conjunction with Mr. W. John, siihrnitte<l a pajier 
to the Institution of Naval Architects on “ The Calculation of the Stability of 
Ships, and some matters of interest connected therewith.” This was the first 
of many papers which he contributed to the Institution of Naval Architects. 
They were always of first-rate importance. Many of them dealt with matters, 
of Naval iwlicy as distinct from Naval Architecture, and the views which he 
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put forward wore always recuiwd with great respect, Thnuighout his whole 
life he took a vigorous |>art in the discussion of ]>aperH at the Institution, and 
Ro Into as last year he made a valuable contribution to the discussion of 
geared turbines and oil engines. 

From th (3 beginning of liis services at the Admiralty, Sir William much 
interested himself in the eilucation of young naval architects, and in 1869 he 
was ajjpointed to succeed his former teacher Mr. Orossland, Member of the 
Council of Construction, and a distinguished member of an earlier school of 
Naval Architecture, as Lecturer on Naval Design at the South Kensington 
School. This ])Osition he retained for some years after the transfer in 1873 
of the School to the Royal Naval Coll(‘ge, (Ireenwich. 

While liolding his position, he assisted Dr. T. Archer Hirst, F.R.S., the 
Director of Studies of Greenwich, in arranging a course of instruction in 
Naval AnihiUiCture for the biuietit of executive Naval olHcers, The syllabus of 
instvuctitm was so well chosen and so wistdy carried out, largely under his 
gun lance, that large uuml)t>rs of officer.s w^ere attracted to the classes, wliich 
continue in effective operation to the juesent time. 

About this time he also put forward a well consiilered sciheme for the 
formation of a Royal Corps of Naval Constructors, which was to replace the 
heterogeiuHiUH system then in fonje. This was adopted by Sir Nathaniel 
Barnaby and by Sir W. Houston Stewart, K.C.B., the then Controller of the 
Navy. After consideration on their part, a (Committee was appointed, with 
Sir T. BriisHijy, now Earl Bra8sey,aH pTesi<lent, to consider tliis scheme, and in 
1883 the Crown, by Order in Council, created tlio Corps on its existing footing. 

Sir William was promoted to the rank of (Constructor in 1875, and to 
that of Chief Constructor in 1881. 

The cliief designing work on which he was (mgaged under Sir Nathaniel 
Barnaby in 1876-77 w^as that of the fanions InJivjt Me, whicli had two turrets 
en &hdun, each containing two 16dnch muzzle-loading guns. The turrets 
themselves wen? enclosed in a comiwiratively short armoured central citadtd, 
and the ends of the ship were unprotected by vertical armour, having 
armoured decks only. 

The design of this vessel excited very strong adverse criticism, led by Sir 
Edward Reed. A HiKJcially competent Committee, consisting of Admiral 
Sir James Hope, G.C.B., l)r, J. Woolley, Mr. G. W. Eendel, and Mr. W. 
Froude, F.R.S., was appointed to report on the stability of the vessel, and 
after long and exhaustive investigation, made both at sea on actual ships, 
and with models in the experimental tank of Mr. William Froude, the Com- 
niitteo reported that the design fully satisfied the desired conditions. This 
design was repeated on a smaller scale in the Ajax and Agamemnon, and in 
the two somewhat larger vessels Colomia and Edinburgh, although even these 
were still much smaller than the Inflexible, 

Other vessels on which Sir William was engaged during this period, under 
Sir Nathaniel Barnaby, wore the cruiser /m (the first steel vessel built for 
the Royal Navy), the Mersey class of cruiser, aud the Admiral class of 
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battlenhip. The Admiral class excited fierce criticism on account of their ho* 
called “soft ends/' and thiw criticism did not ceuHc till Rome time after 
Sir William’s return to the Admirraltj in 1885. 

From 1883 to 1885, Sir William was en^aj^d as Warshii) Desii^ner and 
Manager of the War-Shipbuihling Branch of Messrs. Sir W. 0. Armstrong, 
Whitwortli and Co., at Elswick-on-Tyne. He tliere laid out the new shipyard 
at Elswick and designed and laid down Bcveral vessels for Foreign Fowiu's. 

In 1885 he was offered by Lml George Hamilton, then First I^ird of the 
Admiralty, the position of Assistant Controller of the Navy and Director of 
Naval Construction in succicssion to Sir N. Barnahy, who had retired on 
account of ill liealtli, ami he accepted the offer and veturneil to the 
Admiralty. 

At this time some of the vesseds of the Ad mind class were still in ctmrse of 
construction. There wen^ also building the Vivforla and Satmimrvil (the 
former at Elswick Shipyar<l under his directions), the Trafahjar, Nilf\ and 
i71?ro battleships ; the and and the se\en vessels of the 

Orlando battle-cruiser class ; the Jiaitlnmakr^ the first of our so-called 
torpedo gunboats and tlie forerunner of our torjxMlo boat divstroyers, was 
under construction. 

Sir William at once proceeded to take up tla* work of developing naval 
design, so as to employ t*) tlm greatest advantage the materiiil available for 
attack and for defence. 

Ah regards the cruiser class of vessel, he adhered for some time to the 
system, first introduced in the Elswick-built (yhiliaii cruiser Ksmendda 
(designed by Mr. George Kendel), of a strung aichecl steel dock, lisiug, at the 
middle line of the sljj)>, somewhat above tlie water line, and pitched at some 
feet below the water line wliere it reached tlie side of the shij). This system 
of protection, in conjunction with large coal bunkers fianked on the insnle 
with cofferdams. ga\e on the whole, he considered, tJio best protection 
available under cruiser conditions as then laid down. In tins view the Board 
of Admiralty fully concuiTcd, altliough the altsmice of side armour did not 
escaiie criticism - 

This tyi>e of vessel reached its culmination as rc^gards size in the Powerful 
and TerHUe^ and, although side armour had been adopted by other countries 
for such vessels, it w^as not till substantial improvements Irnl been nuule in 
the quality of armour, that Sir William recommendeil the Board (in June, 
1897) to adopt side armour jirotection for our cruisers. This led to the 
laying down of six vessels of the Uremj class, followed by four vessels of the 
Ih^ahe class, and 10 somewhat smaller vessels of tlio Mommuth class. 

As regards smaller cruisers, Sir William designed and built the Australian 
cruisers of the Wallaroo class, and the Medea^ Bwnom, and Barham classes 
for the Royal Navy. 

He made improvements in the design of the torjiedo gunboat Jiattlemake 
and produced the Sharpshooter and later vessels, which were of a much more- 
habitable type than had previously prevailed. 
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Sir William first battleships were the eight vessels of the Royal Sovereign 
class, a development of the Trafalgar class in which modifications of the 
dimensions and the dis 2 >oHition of armament were introrluced. The Royal 
Sovereign, the first vessel of the class, was built in less than throe years and 
was completed in 1892. 

After close com])arativo study of the arrangements of armament and 
protection found in foreign warships tlien building, and of the rapidly 
changing engineering factors of the date, he was in a position to make a 
special analysis of the real elements of fighting efficiency. In 1880, with the 
sanction of the Admiralty, he read a paper before tlie Institution of Naval 
Arcliiteots giving his views on the general constructive position, and setting 
forth tlu5 considerations which had influenced the Board in ordering the Royal 
Sovereign (dass. He was much criticised by some members of the Institution, 
but it was recognised that he made good the jiosition ho liad takcui up. 

The main features of tlio Royal Sovereign class W'ere followed in our own 
and some foreign navies ii]» to the appearance of the Dreadiunight in 1905. 

During Sir William *a tenure of the ])ost of Director of Naval Construction, 
it was considered necessary by the then Board of Admiralty, owing to the 
jHilitical circumstances of the time (1889), for the Admiralty to make s}>ecial 
building ellorts. Under a loan embodied in the Naval Defence Act, 70 
vessels of various classes were built, and Sir William White carried out his 
share of this work witli complete success. 

Sir William served under several successive Boards of Admiralty and 
received the fullest confidence of all. 

Physically strong as he originally was, the work ho had done from his 
appointment as Director of Naval Construction in 1885 gradually undermined 
his healUi ; and in (»rder to avohl a complete and [Mwsibly irremediable break- 
down lie felt compelled to retire in 1901. 

When we consider his long period of service as Chief Constructor of the 
Navy, the special cirmunstances which necessitated changes in all types of 
ships, and the great pressure caused by the construction of tlie 70 si>ecial 
naval defence ships, his tenure of office must be regarded as highly 
distinguished. It is a record of which any man might be proud, and for 
which his country must be grateful. 

He was an Honorary Vioe-Prosideut of the Institution of Naval Architects, 
Fast President of the Institution of Civil Engineers, Chnirman of the Koyal 
Society of Arts, and President of many other scientific societies ; he was 
LL.D. of Glasgow, D.Sc. of Cambridge, Durham, and Columbia, was a member 
of many foreign societies, and held many other similar degrees and honours. 
He was a Past Master of the Worshipful Company of ShipwrightSi and in his 
association with this Company ho did much to promote the professional 
education of naval architects and marine engineers. 

As a Fellow of the Boyal Society he did much useful work in connection 
with tlie National Physical Laboratory, of the Governing Body and Executive 
Committee of which he was a member. One of his latest acts in connection 
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with the Laboratory was the securing of a large donation from the Drapers' 
Company on its behalf. 

Sir William had very close connection with various City coniimnies, so far 
as they assisted in education or the eiidownieut of research, and freely gave 
his time to assist them in all such mattera 

Ho was a most competent chairman of a meeting on any professional 
subject, and a ready speaker in general who had always something interesting 
and useful to say. He was es)x)cially expert in carrying a meeting past 
matters on which there was much discussion, into regions where unanimity 
prevailed and effective action could be taken. He was a splendid debater, 
and throughout the long controversy between Sir Edward Reed and the 
Admiralty as to its shipbuilding policy (especially in regard to the Injlfxihfe 
type and the Admiral class of ship), his defence was recognised as brilliant 
and convincing and after the discussion on the Royal Sovereign class already 
referred to, all serious attacks upon the shipbuilding policy of the Admiralty 
disappeared, ami the utmost confidence prevailed. 

These notes liave necessarily been confined to a consideration of Sir 
William White’s career as a naval architect, but he was a man of far too wide 
an outlook to be contained by any limits of profession. After his integrity, 
ability, and perseverance, the quality which carried him farthest was perhaps 
the gift of speaking. Speaking wjw a pleasure to him. Ho was very fluent, 
but his words were always well chosen. He was equally good in setting out 
a proposition, in quick debate and repartee; and in an amusing after dinner 
speech. He had a great power of marshalling arguments, and of converting 
opponents by tactical insistence. He wrote much and his writing was 
unaffected, lucid, and convincing. 

He was a man of high ideals and gave his services unsparingly to any 
deserving cause. He was a thorouglily religious man without being in any 
way a religionist. Wherever ho went he carried with him a wholesome 
atmosphere. He was a kind ami most helpful friend to numbers of young 
men. 

Within a week of his death he wrote to a friend whom he had known for 
80 years : " I fear that your recognition of those days puts too high a value 
upon any help that 1 then rendered you. But I do claim to have endeavoured 
all along, and still endeavour, to assist and encourage young men who are 
making similar efforts, and I have rejoiced greatly in your personal success.” 

In the annals of the British Navy, Sir William White's name will long be 
remembered with honour. His career will serve os an example to the 
Constructive Corps which he did much to originate and to train ; and that 
Corps must always be a potent factor in the maintenance of the naval j>ower 
of this country. And so wo leave him, with a feeling of regret and gratitude 
for a kindly as well as clever man, 

P. W. 
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with the Laboratory was the securing of a large donation from the Drapers' 
Company on its belialf. 

Sir William had very close connection with various City companies, so far 
as they assisted in education or the endowment of research, and freely gave 
his time to assist them in all sudi matters. 

He was a most competent chaiiman of a meeting on any luofessional 
subject, and a ready speaker in general who had always something interesting 
and useful to say. He was osi)ecially expert in canying a meeting [Mist 
matters on which there was inucli discussion, into regions where unanimity 
prevailed and effective action could be taken. He was a splendid dc'batcr, 
and throughout the long controversy betweim Sir Edward Heed and the 
Admiralty as to its shipbuilding policy (es])eciHlly in regiml to the Ivfle^vihle 
type and the Admiral class of ship), his defence was mcognised as brilliant 
and convincing and after the discusshm on the Royal Sovcrelffn class already 
referred to, all serious attacks upon the slii])building policy of the Admiralty 
disappeared, and the utmost confidence prevailed. 

These notes have necessarily been confined to a consideration of Sir 
William White's career as a naval architect, but he was a man of far loo wide 
an outlook to be contained by any limits of profession. After his integrity, 
ability, and perseverance, the quality which carried him farthest was perhaps 
the gift of speaking. Speaking was a pleasure to him. Ho was very lliieiit, 
but his words were always well chosen. Ho was equally good in setting out 
a proposition, in quick debate and repartee, and in an amusing after dinner 
speech. He had a great power of marshalling arguments, and of converting 
opponents by tactical insistence. He wrote much and his writing was 
unaffected, lucid, and convincing. 

He was a man of high ideals and gave his services unsparingly to any 
deserving cause. He was a thoroughly religious man without being in any 
way a religionist. Wherever he went he carried with him a wholesome 
atmosphere. He was a kind and most helpful friend to numbers of young 
mem 

Within a week of his death he wrote to a friend whom he had known for 
30 years : “ I fear that your recognition of those days puts too high a value 
upon any help that I tjieu rendered you. But I do claim to have endeavoured 
all along, and still endeavour, to assist and encourage young men who are 
making similar efforts, and I have rejoiced greatly in your personal success." 

In the annals of the British Navy, Sir William White's name will long be 
Femembered with honour. His career will seive as an example to the 
Constructive Corps which he did much to originate and to train ; and that 
Corps must always be a potent factor in the maintenance of the naval power 
of this country. And so we leave him, with a feeling of regret and gratitude 
for a kindly as well as clever man. 

P. W. 
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SAMUEL ROBERTS, 1827-1918. 

Samukl Roberts was the second son of the Rev. Griffith Roberts, Presbyterian 
luinister, and of Anna, the eldest daughter of Samuel Churchill, a merchant 
of Exeter. He was bom at Hackney, December 15, 1827- 

He was educated at Queen Elizabeth’s Grammar sfchool, Horncastle, Lines., 
his father being minister of the Presbyterian Chapel at Kirkstead, near 
Horncastle, and resident at Horncastle. He passed from the Grammar School 
to Manchester New College in June, 1844. He matriculated at the University 
of London in 1845 with Honours in Classics and Mathematics. He took the 
B.A. in 1847 with Honours in Mathematics, and the M.A. in 1849, when he 
was fiist in Mathematics and Natural Philosophy and obtained the Gold 
Medal 

He WHS admitted a solicitor in 1858, having served his articles of 
clerkship with Mr. Richard Mason, Town Clerk of Lincoln. After some years 
he gave up practice, removed to Loiulon and devoted himself to mathe- 
matical research. 

Ho was elected a member of the London Mathematical Society in June, 
1865, a few months after its foundation. He was Honorary Treasurer of 
that Society from 1878-1880, President, 1880-1882. He was elected a Fellow 
of the Royal Society in 1878, served on the Council of the London Mathe- 
matical Society for many years and was the de Morgan Medallist of 1896. 

He was twice married ; in 1858 to Mary Ann Astley, only child of the 
Rev. Riclmrd Astley, formerly of Shrewsbury. She died in 1894. In 1896 
he married Lucy Elizabeth Holland, second daughter of Philip Henry Holland, 
surgeon and Government Inspector, who survives him. 

By his first marriage he had three sons. The eldest was Samuel Oliver 
Roberts, M.A.. formerly scholar of St. John's College, Cambridge, 7th wrangler 
in 1882 and later Mathematical Master at Merchant Taylors’ School. He 
died in 1899. The second son is Harry Astley Roberts, B.A. (Lond.), solicitor, 
who is still living. The third son died in infancy. 

He died September 18, 19i:>, at the ripe age of 86, and was buried in 
Highgate Cemetery. 

The Royal Society Catalogue of Scientific Papers shows that up to the year 
1883 he contributed 62 papers to Mathematical Journals. These commenced 
in 1848 and for about ten years his preference led him to work at geometry 
and the Calculus of Operations. His most important paper at this time was 
“On the Transformation of Co-ordinates,” published in the 'Quarterly 
Mathematical Journal’ of 1858. The foundation of the London Mathematical 
Society in 1866 stimulated him to increased activity, and from that date to 
1873 a long series of papers were given to the Society’s Proceedings and to 
other journals. These are mostly concerned with geometry and include 
important contributions, of which may be noted “ On the Ovals of Descartes,” 
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LM.S., 1870, " On the Order and Singularities of the Parallel of an Algebraic 
Curve,” LM.S., 1871, “On the Motion of a Plane under certain Condi tions,” 
LM.S,, 1871, “On the Parallel Surfaces of Conicoids and Conics,” 

1872, “On Professor Cremona’s Transformation between two Planes," L.M.S., 
1872, “ On Parallel Surfaces,” L.M.S, 1872. 

From the year 1875 he became interested also in the Theory of Numbers, 
and made some note woithy contributions to tlie forms of numbers determined 
by continued fractions and to Euler’s theorem on the praduct of two sums of 
four squares. His valedictory addicsa to the London Mathematical Society 
upon vacating the chair was a masterly discourse entitled “ llemarks on 
Mathematical Terminology and the Philosophic Hearing of recent Mathema- 
tical Speculations concerning tlie Realities of Space*/' ‘ LM.S, Proc.’, vol, 14, 
He has left a considerable mathematical correspondence witli de Moigan, 
Salmon, Cayley, Sylvester and others, ami was in intimate friendship with 
many mathematicians of liia day such as Hirst, J. J. Walker, 11 . Harley, 
Spottiswoode and Perigal. He had many interests besides mathematics, 
F'rom his earliest years he worked with the lathe and liked to construct 
electrical machines and other scientific apparatus. He was devoted to chess, 
angling and philosophy. He was interested in geology and microscopy and 
spent much of his leisure in collecting geological specimens for the microscope. 
He was for many years a member of the (iuekett Microscopical Society, For 
the last ten years of his life he was almost totally blind, ’rids infliction he 
boro with great patience. Throughout his life he was of a i-etiring disposition 
and regarded original research as being its own reward. 

As an ardent worker, who made not a few important additions to mathe- 
matical science, ho will not he soon forgotten. 


P. A. M. 
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JOHN MILNE, 1850-1913. 

John geologist, inining engineer, seismologiBi. and traveller; 

Honorary Fellow of King’s College, London; F.G.S., D.Sc. (Oxon); Eoyal 
Medallist, 1908; Lyell Medallist of the Geological Society, 1894; was born 
at Liveriwol December 30, 1850. He was the only child of John Milne, 
of Milnrow, Itochdale, and Emiim, daughter of James Twycross, J.P., of 
Wokingham. He married Tone, daughter of Horikawa Noritsnne, the high 
priest of Hakodate. After school at E(Xilidale and Liverpool he went to 
King’s College, London. Gaining a scholarship he now attended the Royal 
School of Mines and studied Oology and Mineralogy under Prof. Sir 
Warrington Smyth. After some practical mining exi>erience in Cornwall 
' and Lincashire ho studied Mineralogy at Freiberg and visited the principal 
mining districts of Germany. At the i^equest of Mr. Cyrus Field lie spent 
two years in investigating the mineral resources of Newfoundland and 
Labrador (see Mour. Geol. Soc.,* 1874; ‘Geol. Mag.,’ 1876 and 1877). He 
visited Funk Island, once the hoine of the Great Auk, and made a large 
collection of skeletons of that extinct non-flying bird which used to frequent 
the nortliern parts of Great Britain. Ho showe<l his fondness for travel 
very early, for at school, when he obtained a money prize just before the 
holidays, he started for Iceland without parental leave and made his first 
experience in a very dangerous exploration of the Vatna Jokul. At the 
much later date of 1874 he joined the expedition of Dr, Boke, which, under 
the auspices of the Royal Geographical Society, started to investigate what 
Dr. Beko thought to be the true site of Mount Sinai, in Arabia, east of the 
Gulf of Akaba (sec * Jour. Geol. Soc.,’ 1875). Prof. Milne often spoke of 
the shallowness of tlie south end of the Gulf and of the possibility of its 
being crossed on foot if a strong north-east wind was blowing. About this 
time lie publislied interesting geological notes on the environs of Cairo 
C Geol. Mag.,^ 1874). 

In 1875 he was appointed Professor of Geology and Mining in the Imperial 
College of the Public Works Department, Tokio, Jaj>an, and he spent eleven 
months in reaching Jai»an. He travelled through Siberia by tamntass and 
sledge to Kiachta, very much on the line now followed by the railway. 
Ho crossed Mongolia with a camel train in the depth of winter, the tempera- 
ture being usually well below zero Fahrenheit (‘ Trans, Asiatic Soc. Japan ’). 
His boyhood experience on the Vatna Jokul made this appear common- 
place. He passed the Great Wall on January 11, 1878, and travelling 
through Pekin and Tientsin he reached Shanghai on Febniary 24. In Japan 
he proved to be an excellent teacher. He made many tedious expeditions 
through Japan and Yeso studying their geology, but he soon studied little 
else than earthquakes. At that time, although much had been written 
about seismology, it was not a science ; there were no instruments which 
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truly recorded the motion of the ji^rountl In the courBe of time, by persistent 
experimenting, by taking everybody into his confidence and asking for help 
from all sorts of scientific experts, he invented good instruments and gained 
a wonderful knowledge of wliat we now call the science of seismology. 

After the destructive earthtjuake of 1880 he arrungecl a public meeting 
which was well attende<l by Japanese and foreigners ; the Seismological 
Society of Japan was formed at that meeting, with Prof. Milne as Secretary. 
For fifteen years he ilirected its work, tlie results of whicli are given in 
twenty volumes of reports, well known to seismologists. Tlio Japanese 
Government established an Earthquake Committee, which it still supports 
with an annual subsidy, whose average amount is 10,000 dollars, hut which 
is sonietimos as great as 25,000. When he gave up his Professorship in 
Japan in 1895 he left behind him a w'ell trained staff of seismologists and 
many observing stations. There are nearly 1000 observing stations now in 
the Japanese Emi>ire. The Emperor coTiferred upon him a i)cnsion and ilie 
Order of tho Pising Sun. As to the necessity of numerous observing 
stations, in 18^3 his book on ‘Earthquakes* states: — “It is not unlikely 
that every large earthquake might, witli proper instrumental appliances, be 
recorded at any point on the land surface of our globe.” It was some time 
before this surmise was proved to be true, hut it is tho foundation of all 
modern progi'ess in seismology. 

Soon after his return to England ho settled at Shitle, near Newport, in tlie 
Isle of Wight. Since that time, as secretary of a committee of the British 
Association, he has established about (JO observing stations, in selected 
positions, all over the wcjrld. Whatever other instruments there may be in 
those stations, each of them has one or moi-e specimens of Mihie's standarcl 
seismometers. Instructions and reports are sent out rcgulaily from Sliide to 
these stations ; photographic records are regularly sent to Sliide. These are 
all carefully compared with one another, and an elaborate annual report of 
the world's seismology is publislied by the Piritish Association, whose grants 
to this committee since 1895 have often been as much as £130 per annum. 
From the Government Grant to the Royal Society it has received altogether 
£600. Mr. Matthew Gray, one of Milne's personal friends, gave, some years 
ago, a sum of £1000, which is investcil. Prof. Milne’s private lixpendiiure on 
the work of the committee has always been considerable. He lias left a betiuest 
of £1000, to help in continuing the w'ork, but this will not take t fleet till the 
death of Mrs. Milne. Prof. Judil was for many years the chairman of tho 
committee ; he retired in 1907, and Prof. Turn«?r, of Oxford, became chairman. 
It is hoped that a fund may be formed to cuabh* the work to be continued. 

There is not only an observing station at Shide, remote from the dwelling- 
house, but also, attachefl to the house, a laboratory, wliich contains a library 
and a collection of records, and it is the business centre of administration. 
An account of the work done at Shide, written in 1912 by Mrs. Lou Henry 
Hoover, will be found in the ‘ Bulletin of the Seisraological Society of America,* 
vol. 2, No. 1. Many such accounts have been published, for Shide Iiad always 
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a great number of visitors, of all ranks and from all jiarts of the world, and 
Prof. Milne was very hospitable ; but Mrs. Hoover gives the best account of 
how it was that everybody enjoyed and envied his enthusiasm in his work, and 
admired his unstinted praise for other workers, and the intense youthfulness 
of a man who was 62 years of age. 

His uumerous scientific impers show that he followed many side-tracks by 
])ersiHtent strenuous experiment and observation. One that he thought of 
great importance was the varying photographic effect obtainable from rock 
surfaces in caves tlmt were liglit-proof. He saw some connection between 
this and the great healt^h differences that exist between two neighbouring 
places. The movement of the ground due to change of tide, the approach of 
hills due to rainfall, the velocity of waves of the ocean produced by earth- 
quakes, the fracture of submarine telegraph cables, the yielding of rock 
near places where there are sudden great diflerences in level, and many other 
problems, occupied his attention. He was never tired of trying the new 
instruments invented by himself and others. He instituted methods of 
building railway bridges and liouses in countries subject to earthquakes. He 
induced railway companies to lest the soundness of their tracks and bridges 
by instruments carried on the trains. The Colonial Office mode use of his 
stTvices, for when all the cables giving telegraphic communication with a 
colony were siinultaneouHly broken, it was important to know whether the 
fracture was due to an earthquake or to the machinations of a foreign jiower. 
Insurance offices made use of his Sliide records, for insurance against earth- 
quake efiects has now become a large business. I^eople interested in 
rebuilding cities, like San Francisco, asked his advice about new structures. 
Help of tliose and many other kin«ls was freely given, even wlien it involval 
the expenditure of much time and labour. 

A list of hia publications is given in an article by his lifelong friend, 
Hr, Woodward, in the ‘Geological Magazine' of August, 1912. From 1874 
to 1878, there are pai)ers about Newfoundland, Cairo, the Sinaitic Peninsula, 
ice, icebergs, and volcanoes. In 1879, there are accounts of his journey to 
China and his cruise among the Kurile Islands ; j^})ers on volcvinoes and on 
the Stone Age in Japan. In tliat year he published a small treatise on 
Crystallography. In 1880, volcanoes, the cooling of the earth, exiKjriments 
on the elasticity of crystals, a list of Jat>aueae minerals, stone implements in 
Japan, and three t>ai)ers on earthquakes. From this time onwards his pa})er8 
are almost all about earthijuakes, and the list finished witli one of very great 
labour, *A Catalogue of Destructive Earthquakes, A.D. 7 to A.o. 1899,* 
published by the British Association in 1912. 

He travelled in America and Canada ; he travelled to Kamchatka, callifig 
at most of the Kuriles (see * Geol. Mag.,' 1879). He ventured into Korea 
from Siberia in 1878, when such a journey was very dangerous. He made 
observations in Manila, Borneo, the Australian Colonies, New Zealand, and 
many other islands of the Pacific. A very amusing anonymous book about 
Australia and New Zealand, which was frequently seen on railway book-stalls 
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about twenty-five yeart* aj^o, at once revealed the name of its author to 
anybody who was well acquainted with Milne ; it was full of humour and 
fun, but the most noticeable tiling; was tliat when the author came to any 
town, his first visit was to whatever there might be in the way of a museum. 

Milne’s success was greatly due to his power to interest all sorts of ]ieopIe 
in his work. Mrs. Hoover descrilies its effect on a travelling visitor. But it 
was something much deeper whicli gave to him the help of scientific men. 
He took much interest in all scientific work, and perhajis ho thought too 
highly of the work of other men. He was very modest as to the value of his 
own services to the world. He grudged no time or trouble sjient in helping 
other people when bis help, scientific, social, or iiecuniar}’’, could bo of value. 
Both in Japan and at Shide he was very hospitable. One, who lived with 
him in great intimacy in Japan for nearly four you-^ imta it on record tliat 
Milne never talked scandal nor detraction, and hateil to listen to such things, 
and be cannot remember one expressed thought or action of Milne which 
was ungenerous or mean. Many people gave him ailmiration, but his 
intimate friends gave him affection also. 

J. P. 
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JAMES GORDON MACGREGOR, 1852-1913. 

James Gordon MacGreoor, BucceHsor of Tait as Professor of Natural 
Pliilosophy in the University r)f Edinburgh, was born on March 31, 1852, at 
Halifax, Nova Scotia, whore his father was a minister of the Presbyterian 
Church. His early educati<u\ was obtained in his native town, and in 1871, 
after graduating as Master of Arts at Dalliousie (College, with the higliost 
distinction, he was elected to a scholarship which required him to pursue 
sfiientific study in Euroi^e. With this he proceeded to the University (J 
EtUnburgh. Tluuo the present writer first met him, as a fellow student in 
Tails laboratory, and nt TaitV suggestion they undertook a joint research 
“On the Electrical Conductivity of Certain Saline Solutions,” the results of 
which were publislu'd in 187‘> in the ‘Transactions of the Royal Society 
of Eilinburgh.’ The expiiments dealt with solutions of zinc and copjier 
sulphate of various streugllis, and a novtdty in the ineth(j<l was the 
application of the Wheatstone balance so qiiie.kly after the current was 
established as to escape eliects of “polarisation.” Tlio measurements showed 
that in zinc sulphate a maximum of electrical conductivity is passed at a 
strengtii considerably short of saturation. This ri'search, the first on which 
Mac(iregor was engaged, determined the bent of inucli of his later w'ork. 
From Edinburgh lie went on to Leijizig and continued, under Gustav 
Wiedemann, the study of electrolytic resistance, a subject to which he 
frc(|uently returned as aflbrdiiig matter for further experimental enquiry or 
discussion. The list of his ]»iiblished original j»apers comprises about 20 items 
dealing with tliis topic or with other closely related points arising out of his 
earliest research. 

He became a Doctor of Science of London University in 1876 and returned 
to Halifax to take up a position in Dalliousie College as Ijecturer of Physics. 
After holding this for a year he resigned it for a Seieiice Mastership at Clifton 
<3ulle.ge, BrisU>l, and two years later, in 1879, he again returned to Dalhousie, 
this time as Professor of I’liysics in a newly established Chair which his alma 
mater was glad to offer to her distinguished son. He remained Professor 
there for 22 years. During that time he took an active part in forming the 
Royal Society of Canada, and was a frequent contributor to its * Transactions.' 
The summer vacations, especially in the t'arlier years of his Halifax professor- 
ship, he often spent in Edinburgh, working in Tail's laboratory and keeping 
up a cloflo connection with Tait himself and with f.he band of young physicists 
whom Tait inspired. In 1901 the Edinburgh chair became vacant through 
Tail’s resignation, and. diflicult as it inevitably was to find a fitting successor, 
those who knew MacGregor felt there was a special appropriateness in the 
choice which gave him control of the laboratory where he liad so Itag been a 
devoted worker. MacGregor’s tenure of the professorship continued for 
12 years, until it was terminated by his sudden ileath on May 21, 1913, at 
the age of 61. 
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Prior to his appointment, the phy»ical laboratory at Edinbui^h Iiad been 
little more than a museum of lecture-room apparatus, with attics giving 
somewhat cramped and meagre opportunity to a few students to engage in 
research. To triumph over material obstacles such as the lack of appliances 
added zest and perhaps provided a stimulus that was not without value, and 
there was encouragement in the reflection that it was here that the work of 
Leslie, Forbes, and Tait had lieeu done. But there was no laboratory of the 
modem tyjie such as forms an instrument in the education of the ordinary 
student. With characteristic enthusiasm MacGregor set himself to supply 
the want. The removal of the Dcipartuiciit of Physios from the old 
University Buildings to much larger <piartors, in what had been the 
Edinburgh Infirmary, gave him the means of making a complete transforma- 
tion and creating a well equipped laboratory, which, though his plans were 
somewhat curtailed for lack of funds, Ixmrs testimony to the completeness of 
his conception and his pervacUng care and prevision. Later, he took up the 
task of collecting from old students and others money with which to establish 
a Professorship in Mathematical Physics as a memorial to Tait. 

In 1888 ho married an Kdinburgh lady. Miss Marion Taylor, who survives 
him with one son and one daughter. 

His original contributions to science deal mainly with electrical conduction, 
the volumes of solutions, ionisation and its effect in depressing the fiwzing 
point. In other papers he discussed the foundations of dynamitiB, and his 
studies in this matter also found expression in a t<^xt-book of ‘ Kinematics and 
Dynamics,* first published in 1887. The treatment ailopted there, while 
following the gtuieral lines of Thomson an<l Tait*8 ‘ Natural Philosophy,* is in 
many respects original, and is distinguished from that of most U^xt-books by 
the severity of its logic and its independence of assumptions. From time to 
time he produced addresses and articles on various questions relating to 
education: these also are obvious products of a mind that was clearly no 
slave to convention, with nn outlook as wdde as it was original. 

Whatever MacGregor undertook he pursueil with untiring industry and 
with a thoroughness that left no loophole for intellectual dishonesty. He was 
unspiring of himself in his response to anything that he accepted as a call of 
duty. His attention to detaihvas perhaps sometimes so meticulous as to obscure 
larger issues, or at any rate to exhaust Ids strength. Never robitst, ho was 
compelled at more than one stage to treat himself for long as a somi-invalid, 
but he faced the handicap of indifferent health with the cheerful resolution 
that characterised his whole attitude to life, and he overcame it sufficiently 
to accomplish much. An admirable teacher, he inspired his atudents with 
something of his own zeal for knowledge, his own incajiacity to accept half 
truths. All that was best in him was put at their disposal without reserve. 
He had no need to make himself accessible, for he was that by nature ; his 
cordial manner only i*eflocted a real geniality of soul. 

MacGregor was a man with many friends who will long cherish the 
memory of a most lovable j^ersonality. The sunny brightness of his early 
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student days wonderfully survived into later life. It was a captivating 
quality, and with it there was frankness, unselfishness, insight, imperturbable 
good temper. He repaid friendship richly in the warmth of his own affection, 
in the readiness of his sympathy, in his constant willingness to help. His 
buoyancy stood him in good ste^ when, on the threshold of his career, ho 
was warned that he had an ailment of the heart which made all effort 
dangerous. Though the sword did not fall then, nor till after many years, 
its presence must in some measure have checked his ambitions and limited 
his achiovemonts. But he lived his life with a higli courage, and if from time 
to time there was overstrain, it was of the body only: his spirit kept its 
elasticity to the end. 

J. A. E. 
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Henderson (G. G.) and Heilbron (I. M.) Tlie Selective Absorption of Ketones, 414. 

Hicks (W. M.) A Critical Study of Spectral Series. Part HI.— The Atomic Weight 
Term and its Import in the Constitution of Spectra, 126. 

Holt (A.) See Andrew and Holt. 

Hopkinson (B.) A Method of Measuiing the Pressure produced in the Detonation of 
High Explosives or by the Impact of Bullets, 411. 

Hopwood (A.) The Magnetic Materials in Clay Wares, 21. 

Houstoun (R. A.) The Mathematical Representation of a Light Pulse, 399. 

Ionisation due to y-rays, fluctuation in (Burbidge), 45 ; thermal, from carbon 

(Pidng), 344. 

Ions, positive, from hot metals (Richardson), 507. 

Jevons (W.) Spectroscopic Investigations in Connection with the Active Modification 
of Nitrogen. III. — Spectra developed by the Tetrachlorides of Silicon and 

Titanium, 187. 

Joiile-Thomson effect for lupiid COg, inversion jaiint for (Poi ter), 377. 

Kaye (G. W. C.) and Ewen (D). The Sublimation of Metals at Low Pressures, 66. 

Keen (B. A.) and Porter (A. W.) On the Diffraction of Light by Particles Comparable 
with the Wave-length, 370. 

Ketones, selective absorption of (Henderson and Heilbron), 414. 

Laurie (A. P.), McLintock (W. F, P.), and Miles (F. D.) Egyptian Blue, 418. 

Leathern (J. G.) On the Force exerted on a Magnetic Particle by a Varying Electric 
Field, 31. 

Light diffraction by particles (Keen and Porter), 370 ; — * pulse, mathematioal repre- 
sentation of a (Houstoun), 899. 



XXXI 


Liquid, S-dimenaional motion of fiictionleas (MortonX 106. 

Low potential diechargo in highest vacua (Strutt), 68. 

MacGregor (J. G.) Obituary notice of, xzvi. 
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